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Abstract  
The aim of this thesis was to investigate the effect of hornification on the properties of 
Scots pine thermally modified under saturated steam. Experiment was carried out to 
never-dried Scots pine samples at temperatures of 160 °C and 170 °C under saturated 
steam for 3 hours. After the modification, samples were dried at 75 °C at five different 
RH: 0%, 25%, 50%, 75% and 95%. EMC at 20 °C and RH 65%, impact strength, MOE 
and MOR, swelling and ASE were then tested and compared. Addition to those, 
hornification was measured using deuterium exchange method in DVS apparatus. The 
method for DVS was developed, and resulted to the adding of re-wetting step to the 
process and using of 12 hours impregnation time for deuterium oxide. Finally, HPAEC 
and GC-MS were used to analyse condensation water and the acetone soluble 
compounds from modified and unmodified samples. 
  
Based on the results, EMC differed at 160 °C treatment but not at 170 °C treatment. 
Accessibility of hydroxyl groups was measured with DVS from the 160 °C samples dried 
at 50% and 95%, and was found to have significant differences. Therefore, it was 
concluded that a difference in hornification is possible due to the initial drying. 
Mechanical tests and swelling test had no statistical difference between the different 
assumed states of hornification in this experiment. Chemical analysis revealed that 
condensation water contained many sugars from hemicelluloses, mostly mannose and 
xylose. Great quantities of different degradation compounds and extractives were also 
found from the condensed water as well as from the modified wood sample. Based on 
the chemical analyses, modified samples should be extracted before performing any 
tests since those compounds may vary the results. 
 
Even though this experiment showed that the presumed hornification had no significant 
impact on the properties of thermally modified Scots pine under saturated steam, 
hornification is a phenomenon that should be understood better in the field of solid 
wood. There was at least indication that hornification might influence the EMC in 
thermally modified wood, which is essential also for some other properties that were not 
measured in this thesis, such as biological resistance. Therefore, additional tests should 
be performed concerning the effect of hornification. 
 











Tekijä  Tuuli Uimonen 
Työn nimi  Sarveistumisen vaikutus kylläisessä höyryssä lämpökäsitellyn männyn 
ominaisuuksiin 
Laitos  Biotuotteiden ja biotekniikan laitos 
Professuuri  Kuitu- ja polymeeritekniikka Professuurikoodi  CHEM3024 
Työn valvoja  Prof. Lauri Rautkari 
Työn ohjaajat MMT Maija Kymäläinen 
Päivämäärä  13.2.2017 Sivumäärä  54 Kieli  englanti 
Tiivistelmä 
Tämän työn tarkoituksena oli tutkia sarveistumisen vaikutusta kylläisessä höyryssä 
lämpökäsitellyn männyn ominaisuuksiin. Tutkimus toteutettiin männyn 
tuorepuunäytteille, joita lämpökäsiteltiin 160 °C ja 170 °C kylläisessä höyryssä kolmen 
tunnin ajan. Lämpökäsittelyn jälkeen näytteet kuivattiin 75 °C viidessä eri 
ilmankosteudessa: 0 %, 25 %, 50 %, 75 % and 95 %. Näytteistä testattiin tasapainokosteus 
20°C ja 65 % ilmankosteudessa, iskunkesto, taivutuslujuus ja turpoama, ja arvoja verrattiin 
kirjallisuuteen. Sarveistumista mitattiin puolestaan deuterointi-menetelmällä DVS-
laitteessa. Kyseistä menetelmää myös kehitettiin tässä työssä, ja kehityksen tuloksena 
mittaukseen lisättiin kostutusvaihe sekä deuterointi-ajaksi 12 tuntia. Myös HPAEC ja GC-
MS –analyysit tehtiin reaktoriin kondensoituneelle vedelle ja asetoniin liukeneville aineille 
lämpökäsitellystä puusta sekä käsittelemättömästä puusta.  
 
Tuloksien perusteella tasapainokosteus muuttui kuivauksesta riippuen 160 °C 
lämpökäsittelyssä, mutta samaa ei ollut nähtävissä 170 °C lämpökäsittelyssä. 
Hydroksyyliryhmien saavutettavuutta mitattiin DVS-laitteella 160 °C näytteistä, jotka 
kuivattiin ilmankosteudessa 50 % ja 95 %. Näiden välillä havaittiin merkittäviä eroja. Tästä 
pääteltiin, että sarveistuminen saattaisi riippua ensimmäisen kuivausvaiheen kosteudesta. 
Tilastollisesti merkittäviä eroja ei kuitenkaan havaittu mekaanisissa testeissä tai 
turpoamatestissä. Kemialliset analyysit antoivat viitettä siitä, että kondensoitunut vesi 
sisälsi paljon hemiselluloosia, kuten mannoosia ja ksyloosia. Myös paljon erilaisia 
hajoamistuotteita ja uuteaineita löytyi vedestä sekä lämpökäsitellystä näytteestä. 
Löydösten perusteella lämpökäsitellyt kappaleet pitäisi uuttaa ennen mitään testejä, sillä 
hajoamistuotteet ja uuteaineet saattavat vaikuttaa tuloksiin. 
 
Huolimatta siitä, että tässä työssä oletettu sarveistuminen ei vaikuttanut merkittävästi 
lämpökäsitellyn männyn ominaisuuksiin, sarveistuminen ja sen mekanismit tulisi 
ymmärtää paremmin puumateriaalissa. Työssä löydettiin viitteitä siitä, että 
sarveistuminen voisi vaikuttaa ainakin lämpökäsitellyn puun tasapainokosteuteen. 
Tasapainokosteus vaikuttaa moniin puun ominaisuuksiin, myös esimerkiksi biologiseen 
kestävyyteen, jota ei tutkittu tässä työssä. Lisää tutkimuksia tarvitaan, jotta sarveistuminen 
ja sen vaikutukset pystytään ymmärtämään puussa. 
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Wood has many excellent material properties, such as good strength-weight relation and 
renewability, and therefore it is used for wide range of applications. However, it also has 
some disadvantages, such as tendency to dimensional changes and susceptibility to 
microbiological attacks. Thermal modification is a wood modification method where wood 
properties are permanently changed by applying heat. After the treatment, for example 
dimensional stability and resistance against microbiological attacks are improved in the 
wood material. This widens the applications for wood since thermally modified wood can 
be used for decking, cladding and in other moist environments where untreated wood 
fails. Still, thermal modification has an undesirable side effects since in most of the 
commercialized methods the mechanical properties of wood are decreased significantly 
during the process. Especially, impact strength and modulus of rupture (MOR) are 
decreased compared to unmodified wood. Therefore, thermally modified wood cannot 
be used in load-bearing applications. 
 
There are many thermal modification methods commercially available and they are 
reviewed for example by Hill (2006). One way to sort these methods is to divide them by 
pressure regime, which consists of three categories: atmospheric, sub-atmospheric and 
elevated pressure regimes. Thermowoodâ is perhaps the most common example of 
atmospheric modification process, and Vacu and SmartHeat are examples of sub-
atmospheric methods. (Altgen et al. 2016) In this thesis, atmospheric and sub-
atmospheric methods are referred as traditional thermal modification methods. In them, 
the relative humidity is not controlled and the wood material dries during the treatment. 
On the contrary, the relative humidity can be controlled in elevated pressure methods 
and therefore drying of the wood material can be avoided (Altgen et al. 2016). There are 
two commercial methods using elevated pressure, Firmolin and WTT. There are also 
several peer-reviewed articles about thermal modification under elevated pressure. 
These articles use different names for the modification, such as thermal modification with 
pressurized steam, high-pressure steam, saturated steam or modification in highly moist 
conditions (Bhuiyan et al. 2000, Rowell et al. 2009, Ding et al. 2011a, Torniainen et al. 
2013). However, all of them refer to the same kind of thermal modification where 
pressure is clearly over atmospheric pressure. In this thesis, names “thermal modification 
in high-pressure reactor” or “thermal modification with saturated steam” is used. 
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When wood is exposed to high temperatures, it degrades thermally and chemical 
changes take place. Chemical changes in the traditional thermal modification methods 
are widely researched (Tjeerdsma et al. 1998, Sivonen et al. 2002, Nuopponen et al. 
2004). The degradation of cell wall polymers starts with cleavage of acetyl groups from 
hemicellulose. Those will form carboxyl acids, mainly acetic and formic acid, which will 
further catalyse the depolymerisation. (Tjeerdsma et al. 1998, Wikberg and Maunu 2004) 
Hydrolysis and dehydration take place in elevated temperatures, and aldehydes are 
formed again from hemicelluloses. Also, carbon dioxide is released during the 
degradation since there are decarboxylation reactions. (Hill 2006) Cellulose is hardly 
effected in the temperature range of thermal modification, but there is evidence that 
some of the amorphous cellulose is degraded which leads to increase of cellulose 
crystallinity, and therefore hydroxyl group accessibility is decreased (Sivonen et al. 2002, 
Wikberg and Maunu 2004). Lignin is resistant to thermal degradation in the modification 
temperatures, but it undergoes some important chemical changes, such as cross-linking, 
cleavage of ether linkages and demethoxylation (Tjeerdsma et al. 1998, Sivonen et al. 
2002, Nuopponen et al. 2004).  
 
Thermal modification in saturated steam causes some chemical differences to the wood 
material compared to traditional modification methods. One important difference is, that 
thermal degradation is proven to be faster in a closed high-pressure reactor (Seborg et 
al. 1953, Stamm 1956, Sundqvist et al. 2006, Torniainen et al. 2011). Therefore, same 
benefits of the end products are achieved with lower temperature and less time. 
Commonly, it is thought that degradation of hemicelluloses is behind the major changes 
in thermal modification. Recently, two other reactions are suggested to also affect to the 
changes in material properties: formation of inner tensions and irreversible hydrogen 
bonds referred as hornification (Borrega 2011). Hornification is a common term in pulp 
and paper industry but only recently brought to mechanical wood engineering (Suchy et 
al. 2010b, Rautkari et al. 2013a). There are few results indicating that hornification might 
have altered the mechanical properties of wood material, such as increased the 
toughness, but decreased for example the impact strength (Thuvander et al. 2001, 
Borrega and Kärenlampi 2010). However, the effect of hornification to the properties of 





1.1 Research objective 
The aim of this thesis is to investigate the effects of possible hornification in thermally 
modified wood in high-pressure reactor under saturated steam. Thermal modification in 
these conditions enables to control the possible hornification since the wood is not drying 
during the treatment unlike in traditional modification methods. Therefore, no 
hornification should occur during the modification. Hornification could in theory be 
favoured or un-favoured during the drying step after the modification. The assumption in 
this thesis is that hornification is increased with fierce drying and decreased with mild 
drying. This theory of hornification is tested and its effect on the thermally modified wood 
material investigated. However, there are no standardized testing methods to investigate 
hornification and its effects on solid wood. Therefore, developing a suitable measuring 
method for hornification in solid wood is an important part of this thesis. Also, a custom-
built prototype of a high-pressure reactor was used for the modification, and the 
parameters for the modification needed to be found prior to the experiment. 
  
1.2 Structure of the study 
This work is divided in to two main parts: literature review and the experimental part. The 
aim of the literature part is to find information about thermal modification in high-pressure 
reactor under saturated steam (Chapter 2), and hornification in pulp, paper and wood 
(Chapter 3). In Chapter 4, the methods to measure hornification in cellulose and wood 
are reviewed and evaluated with the purpose of finding the best methods to be used for 
this thesis. The literature part should give a comprehensive, objective review and basic 
understanding on the topics of this thesis. This is achieved by using peer-reviewed 
articles and scientific books with critical consideration. The experimental part consists of 
a methodology part (Chapter 5) followed by results and discussion (Chapter 6). First in 
Chapter 5, the prototype of a high-pressure reactor is introduced and tested, followed by 
the development of the methods to measure hornification in solid wood. After that, the 
extent of hornification and its effects on the material thermally modified in high-pressure 
reactor are tested. Finally, some chemical analyses are performed. The results from all 
the experiments are reviewed and discussed in Chapter 6 in the same order as in 
Chapter 5. Experiments are then concluded and further research topics proposed in 







2 THERMAL MODIFICATION IN HIGH-PRESSURE REACTOR 
One certain benefit of modification under saturated steam (SA) in a high-pressure reactor 
is that there is more water present during the modification than in traditional modification. 
It has long been known that degradation of wood polymers is faster in moist conditions 
than in dry conditions (Stamm 1956, Mitchell 1988). Also, closed system is noted to 
increase the thermal degradation (Stamm 1956). This Chapter aims to give a short but 
comprehensive review on the state of thermal modification in high-pressure reactor 
under saturated steam. First two commercial processes are introduced, within the limits 
of available information. Then the effects of saturated steam and high-pressure reactor 
to the wood material are discussed based on the literature. 
 
2.1 Commercial processes 
There are two commercial processes available for thermal modification in a high-
pressure reactor. Firmolin is first reviewed in section 2.1.1 and shortly evaluated. Wood 
Treatment Technology (WTT) is then introduced in section 2.1.2. The material properties 
for both the methods are reviewed in the section 2.2. 
 
2.1.1 Firmolin 
Firmolin is a thermal modification method developed and patented by Willems (2013). 
There is a production plant in the Netherlands using this method, at FirmoLin 
Technologies BV (Willems 2009). The apparatus used in the Firmolin process is in Figure 
1. The modification place in the reactor is first vacuumed and then filled with steam from 
the steam generator. The temperature of the walls and the wood material is controlled 
with a thermostat and a heating device to keep it higher than the vapour dew point 
temperature to avoid condensation. Temperature rise is limited to 20-69 °C per hour and 
the pressure saturation maximum is 95%. (Willems 2013) 
 
Figure 1: Firmolin apparatus. Numbers stand for: 1) modification place, 2) thermally conducting 
oil, 4) wood material, 5) vacuum pump, 6) measuring and control equipment, 7) control valve, 8) 
and 9) steam generators. (Willems 2013) 
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After the treatment, wood is dried with the same equipment to MC of 3-5 % and then 
cooled to EMC of 7-8 %. According to the patent, ideal material for this modification 
method is spruce wood (Picea Abies) in 25 mm thick planks. However, also pine wood 
is mentioned as a potential material. Material with larger dimensions can also be treated 
but the treatment time increases with increased dimensions. The modification time in 
steam is 4 hours for the ideal material, and during that time the temperature is increased 
from 20 °C to 180 °C (40 °C per hour). Therefore, the reaction time is only around 15 
minutes at high temperature and 9 bar pressure. The whole process takes 10 hours 
including heating and cooling, which can be seen from Figure 2a. (Willems 2013) The 













Figure 2: a) Firmolin process steps. Letters stand for A) wood is placed in the reactor, B) vacuum 
is created and boiler pre-heated to 70 °C, C) steam is supplied, D) pressure is reduced, E) cooling 
state. (Willems 2009) b) Working conditions for Firmolin process. (Willems 2013) 
 
The pressure equipment used in the Firmolin process is expensive compared to the kilns 
used in traditional thermal modification methods. Also, additional costs are caused by 
the disposal of water and polluting organic substances that are released from wood 
during the Firmolin process. However, there are also several factors reducing the costs 
of the Firmolin modification compared to traditional methods, such as decreased 
modification time, moderate temperature and lower quality requirements concerning the 
raw material. (Willems 2009) Based on the references, the Firmolin process is an 
appealing wood modification method and it has potential over the traditional methods. 
However, the only available information about the method is from articles written by the 
inventor, Willems. It would be essential to have also other information sources to form 
an objective opinion about the process. 
 




WTT stands for Wood Treatment Technology, the name of the Danish company 
producing high-pressure autoclaves for thermal modification of wood. There is limited 
information about the process and most of the information is from Dagbro et al. (2010) 
who used WTT apparatus in their studies. Therefore, an objective review is not achieved 
as was the case with the Firmolin prosess. The apparatus made from stainless steel 
(Figure 3a) is heated by a radiator inside the cylinder. Water feed generates steam into 
the tube and some of the evaporated water is removed in the middle of the process. The 
process parameters are in Figure 3b. The pressure can reach up to 10 bars in the peak 
of the process where temperature is kept 160 °C-180 °C. The wood material stays wet 
during the process and has 10-15% of residual moisture after the process. (Dagbro et 
al. 2010) 
 
Figure 3: a) WTT apparatus. (WTT 2010) b) WTT process at 180 °C. Numbers stands for: 1) 
prevacuum, 2) heating, 3) thermal modification under pressurized conditions 4) cooling 5) 
pressure normalization. (Dagbro et al. 2010) 
 
Dagbro et al. (2010) thought the pressurized steam process needs to be improved 
regarding the repeatability of the process and to improve the material quality. Problem 
seemed to be that residual moisture content was substantially high in the material and 
therefore it needed to be dried before end use. They suggested that the material could 
also be dried before the modification since the moisture content after WTT modification 
was related to the initial moisture content of the material. Moisture content of the wood 
correlates with the properties of the material and therefore it has a great effect on which 
temperature the sample is dried at after modification. Moisture content of wood strongly 
correlates with the mechanical properties of wood. (Gerhards 1982) 
 
a)              b) 
 8 
 
2.2 Effect of the high-pressure steam 
Degradation and chemical changes due to thermal modification affect the physical, 
biological and mechanical properties of wood. The extent of the changes is tied to many 
parameters in the modification process such as the process temperature, time and 
atmosphere (Hill 2006 s. 100, Ding et al. 2011a, Navi and Sandberg 2012 s. 250). Also, 
the material properties such as moisture content, species, sapwood versus heartwood, 
have a great impact on the end products (Hill 2006, s. 100). In this Chapter, the focus is 
on the modification under pressure that is over the atmospheric pressure. Therefore, the 
impact of closed system, pressure and moisture are reviewed and the effect of other 
factors in the process, such as material properties, are ruled out.  
 
2.2.1 Chemical and physical changes 
Thermal modification in high-pressure reactor leads to different physical properties of the 
material when compared to the traditional modification processes. Differences can be 
seen in properties such as colour, mass loss and the crystallinity degree of the cellulose. 
The reasons behind this changes are in chemical changes of the wood material and 
therefore it is essential to understand what happens during the modification under high-
pressure steam. 
 
Decreased holocellulose content and loss of free hydroxyl groups are achieved to a 
greater extent with pressurized steam than with atmospheric steam (Ding et al. 2011b). 
Main reasons for these differences is the presence of water, and the closed system which 
accelerates the degradation as mentioned earlier. The effect is due to the acids, mainly 
acetic acid, formed from the O-acetyl groups of hemicellulose which cleave when 
exposed to high temperatures (Fengel and Kollmann 1965, Garrote et al. 1999). Water 
molecules in the process are believed to accelerate forming of organic acids, such as 
acetic acid, by autoionization (Garrote et al. 1999). Acetic acid acts as a catalyst for 
hydrolysis of the hemicellulose to soluble sugars (Hillis 1984, Schultz et al. 1984). In a 
closed system, the formed acetic acids also stay in the reactor and further accelerates 
the hydrolysis (Stamm 1956, Sundqvist et al. 2006). This is supported by the fact that 
higher acid content was found in modification under saturated condition than in the 
traditional method (Torniainen et al. 2011). 
 
Naturally, the mass loss is greater in SA modification than in traditional modification since 
mass loss is mostly due to the degradation of hemicelluloses which is accelerated in SA 
modification (Hill 2006, s.111, Rautkari et al. 2014). Mass loss is also increased by the 
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effect of closed system (Mitchell 1988). Anti-shrink efficiency (ASE) values for saturated 
pressure treatment have also been found quite high, relatively higher than in atmospheric 
treatment (Seborg et al. 1953, Rautkari et al. 2014). Results are logical since the water 
uptake has a close relationship with free hydroxyl groups in amorphous polysaccharides. 
Therefore, with increased degradation of hemicellulose, the hydrophilic parts in wood are 
decreased. (Rowell et al. 2009, Ding et al. 2011b) Also, lignin is suggested to undergo 
some chemical changes in combination of water and elevated temperatures. Increased 
dimensional stability could be also partially from increased cross-linking in lignin. (Ding 
et al. 2011b) 
 
Cellulose is more thermally stable than hemicelluloses but the presence of water in 
elevated temperatures increases the probability of chemical changes and degradation 
also in cellulose (Möller and Otranen 1999, Hill 2006 s. 107) Increase in the crystallinity 
of the cellulose has been noticed when treated in moist rather than dry conditions 
(Dwianto et al. 1996, Bhuiyan et al. 2000). Molecular mobility increases in the presence 
of water, and additional release of stresses due to partial degradation of wood 
components would favour the rearrangement of cellulose molecules in the amorphous 
regions. Both occur since there are less stresses in wood components under moist 
conditions than under oven-dry conditions. Also, it has been calculated that activation 
energy for crystallization is lower in moist conditions and therefore is more likely to occur. 
(Bhuiyan et al. 2000). Ding et al. (2011b) noticed the same with FTIR spectrometer.  
 
The colour of the wood material has been noticed to be darker after SA modification than 
after traditional modification (Dagbro et al. 2010, Torniainen et al. 2011, Ding et al. 
2011a). Redness was also more dominant after high-pressure modification than after 
traditional process, whereas yellowness was the other way (Dagbro et al. 2010). Colour 
of thermally modified wood have been found to correlate with degradation of 
hemicellulose and lignin (Esteves et al. 2008).  
 
2.2.2 Mechanical changes 
Wood thermally modified with the traditional method suffers from the loss of mechanical 
properties, especially impact strength and MOR, as mentioned earlier. Since thermal 
modification in high-pressure steam results to different chemical and physical properties 
of the material compared to traditional modification, it can be expected to differ also in 
mechanical properties. Mitchell (1988) stated that the mechanical property loss in wood 
was greater in the presence of water, except with residual hygroscopicity. He found that 
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MOR and modulus of elasticity (MOE) values both decreased with increased water in the 
process. Similarly, Torniainen et al. (2011) noticed that bending strength decreased 
greatly in SA treatment. Rautkari et al. (2014) also found a 30% decrease in MOR when 
SA modified at 180 °C. However, they also found that when modified at 150 °C with SA, 
MOR increased 15%. MOE, on the other hand, neither decreased nor increased 
significantly in their studies. Also, Brinell hardness stayed on the same level with 
untreated samples. (Rautkari et al. 2014) 
 
Ding et al. (2011a) found that mechanical properties after SA modification where rather 
similar with the properties produced by the traditional modification. This is again in a 
disagreement with other results where toughness improved compared to traditional 
treatment. SA modified samples had up to 31% decrease in toughness whereas 
traditionally modified samples suffered from s decrease up to 80%. (Boonstra et al. 2007, 
Rautkari et al. 2014) The Firmolin patent claims that after the modification, mechanical 
strength is decreased by 10% to 15% (Willems 2013). Using the same method Willems 
(2014) proved that there are no internal of external cracks formed during the process 
since the material is not drying. He also claimed that defects already present in the wood 
material stay unchanged during the process, and therefore mechanical properties are 
indirectly increased. (Willems 2014) 
 
Borrega and Kärenlampi (2008) had an interesting suggestion that since thermally 
modified wood has lower hygroscopicity, it may have some better mechanical properties 
than untreated wood has. He found that samples that were modified at an intermediate 
RH, around 50%, were strongest and stiffest. They also had greatest inelastic ductility 
and inelastic toughness. (Borrega and Kärenlampi  2008) All in all, there is no agreement 
in the literature what happens to the mechanical properties of wood when thermally 








Hornification is widely used term in pulp and paper industry where it has been concluded 
to have a high impact on the pulp and paper properties (Kato and Cameron 1999, Šutý 
et al. 2012, Heijnesson-Hulten et al. 2013). Recently, the phenomenon has been 
suggested also for solid wood (Suchy et al. 2010b, Rautkari et al. 2013). This Chapter 
aims to explain the phenomena behind hornification first from the cellulose fibre aspect 
and then from the aspect of solid wood. 
 
3.1 Hornification in pulp and paper research 
Hornification is explained in few different ways in the literature of pulp and paper. Most 
commonly, it is said to refer to the stiffening of the material during water removal from 
the fibre cell walls (Diniz et al. 2004, Hubbe et al. 2007) However, some might use the 
name “hornification” for any occasion where any stresses are applied to fibres (Hubbe et 
al. 2007). Hornification is also referred to as irreversible cellulose microfibril aggregation 
(Pönni et al. 2014). 
 
The mechanism behind hornification is not agreed in literature. It has been more and 
more accepted that it is due to the formation of irreversible hydrogen bonds when water 
is removed from wood pulp or paper (Smook 1990). Increasing hydrogen bonding is 
proposed to be possible due to the collapse of pores that are between cellulose 
microfibrils, or tighter packing of cellulose chains during the water removal. (Suchy 2011) 
Suggested hydrogen bonding in cellulose is demonstrated in Figure 4. Hydroxyl groups 
in cellulose enable the formation of inter- and intramolecular hydrogen bonds. In Figure 
4, there are two kinds of intramolecular hydrogen bonds, the other between oxygen and 
hydroxyl group of carbon 4 (C4) and the other between hydroxyl groups of C6 and C2. 
The existence of the latter one is disagreed in literature (Krässig 1993). The degree of 
hornification is therefore greatly related to the accessibility of the hydroxyl groups in 
cellulose. Decrease in hydroxyl groups accessibility indicates increased hornification.  
 
Figure 4: Inter- and intramolecular hydrogen bonding in cellulose. Proposed hydrogen bonds 
are marked with dashed lines. (Cato and Cameron 1999). 
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Also, other mechanisms of hornification are suggested such as closure of capillaries 
(Suchy 2011). For example, Diniz et al. (2004) strongly believed that hornification cannot 
be explained by hydrogen bonding since the bonds are broken by water. In the paper, 
they suggest a theory that covalent lactone bridges are responsible for hornification. It 
was explained that when water is removed, carboxylic acid groups (from lignocellulose) 
are interacting with hydroxyl groups and form covalent lactone bridges. The conclusion 
was based on the result that alkaline solutions and sodium borohydride reduce 
hornification. Alkaline solutions and sodium borohydride are said to cleave hemiacetal 
bonds, known as lactone bridges. (Diniz et al. 2004) The theory did not receive support 
since there are many questions which it cannot answer such as why hornification is 
favoured in chemical pulps with very low yield (Hubbe et al. 2007). 
 
Evidently, hornification is not fully understood and agreed in the literature. Despite that, 
Figure 5 demonstrates one widely accepted model of fibre drying introduced first by 
Scallan (1977) and reviewed by Cato and Cameron (1999). When a virgin fibre is dried 
for the first time, the re-wetting does not result to the same morphology of the fibre. 
Because of hornification, the fibre swelling is limited after the first drying and that effects 
on the other properties of the paper. The outcome is stiffer fibres and therefore stiffer 
paper. This results to lowered bonding potential and decreased strength properties in 
paper. (Heijnesson-Hulten et al. 2013) Especially, brittleness of paper is increased (Šutý 
et al. 2012). 
 




Despite the disagreement with the mechanism, hornification is demonstrated to occur 
below fibre saturation point (FSP) (Laivins and Scallan 1993). FSP is a state where fibre 
has water only in the cell wall, and there is no free water in the lumen (Hill 2006). 
Hornification is found to be determined mainly by the water removal and the temperature 
has only a minor effect to it (Cato and Cameron 1999). Based on several works, the rate 
of hornification also depends on the hemicellulose content of pulp, and with increasing 
content the hornification is decreased because of spatial intervention (Oksanen et al. 
1997, Östlund et al. 2010).  
 
3.2 Hornification in wood research 
There is limited research about hornification in solid wood and it has not been confirmed 
whether hornification occurs in solid wood or not. However, there are few studies 
indicating that similar reaction takes place. Suchy et al. (2010a) noticed that water 
accessibility changes during the drying of green wood and they thought it had to be due 
to the rearrangements of the wood polymers. They had two hypotheses: “irreversible 
aggregation of cellulose microfibrils in a similar manner (but to a smaller extent) that 
occurs during hornification of pulp fibers” and “irreversible stiffening of the 
hemicellulose/lignin matrix that extensively swells when exposed to water”. (Suchy et al. 
2010a) In addition, Borrega and Kärenlampi (2010) were convinced that hornification 
occurs in solid wood but they did not take a stand on to what extent. 
 
It can be assumed that the hornification in solid wood is rather similar than in paper and 
pulp. However, the greatest difference is that there are more compounds besides 
cellulose, such as hemicelluloses and lignin, in wood than in pulp. As reviewed in the 
previous section, hemicelluloses are believed to decrease hornification since they are 
located between the cellulose microfibrils and aggregating is therefore decreased 
(Oksanen et al. 1997). Also, it has been noticed that removing lignin increases the 
hornification due to the greater percentage of cellulose (Suchy et al. 2010b). Therefore, 
hornification can be expect to have less impact in solid wood than in pulp or paper. 
 
However, hornification in thermally modified wood is different from unmodified wood. The 
greatest distinction is that hemicellulose content is decreased compared to solid wood. 
Hypothetically, this could increase hornification if such a phenomenon is to occur in 
thermally modified wood. Traditional thermal modification will supposedly increase 
hornification due to the total dryness and high temperature. However, thermal 
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modification in saturated conditions would prevent hornification and the degree of 
hornification could therefore be controlled up to some extent with drying after the 
modification. This is a hypothesis that has not been investigated yet in the literature. 
Nevertheless, Cato and Cameron (1999) suggested hornification to take place during 
thermal modification of pulp. However, they suggested the reaction happens in the 
amorphous regions of cellulose and hemicelluloses, which are decreased in the 
thermally modified wood as reviewed in section 2.2.1. 
 
 
4 MEASURING HORNIFICATION 
In this Chapter, the most common methods to measure hornification are reviewed. 
However, the methods do not give an unambiguous number for hornification but it can 
be indicated by the accessibility of the hydroxyl groups in cellulose or in wood material, 
as reviewed in section 3.1. The less there are accessible hydroxyl groups, the greater is 
the degree of hornification. The methods reviewed here are divided to two categories: 1) 
“indirect methods”, which are shortly discussed in section 4.1, and 2) so called “direct 
methods”, described in section 4.2. Indirect methods are based on the measurements 
that only give a guess about the number of accessible hydroxyl groups based on some 
other property such as pore size and shape. Direct methods on the other hand measure 
directly the accessibility of the hydroxyl groups. 
 
4.1 Indirect methods 
There are many indirect methods to measure hornification and most of them are related 
to the accessibility of cellulose. This means that some other property is measured and 
accessibility is more or less related to that property and through that, hornification can 
be estimated. In Table 1, the indirect methods that can be used for estimating 
hornification are qualitatively analysed. These methods are applied to measure 










Table 1: Advantages and disadvantages of indirect methods to measure hornification. 
Method Source(s) Advantages Disadvantages 
WRV Jayme 1944,  Weise 1998 Simple, standardized 




Stone and  
Scallan 1968 




ISEC Berthold and  Salmén 1997 
Faster than solute 
exclusion Unreliable results 
NMR relaxometry Häggkvist et al. 1998  Accurate Data is hard to interpret 
NMR 
cryoporometry Östlund et al. 2010 Accurate Expensive equipment 
Thermoporosimetry  Maloney et al. 1998,  Park et al. 2006 
Simple and ready 
technique Unreliable results 
 
Water retention value (WRV) is widely used method in pulp and paper industry and it 
was first introduced by Jayme (1944). WRV is strongly connected to the hornification of 
pulp, and hornification has been even described as a decrease in WRV (Laivins and 
Scallan 1993). The method has been standardized to ISO 23714 (2007). WRV describes 
the amount of water that stays in the pulp after centrifugal forces have been applied 
(Pönni et al. 2014). The greater the amount of retained water, the more there are 
accessible hydroxyl groups in the cellulose and the less the pulp is hornified. However, 
WRV cannot be adjusted to solid wood since centrifugal forces are not removing the 
water from solid wood samples the same way as from wet pulp. 
 
One way to estimate hornification is to analyse the pore size of the sample. Pore size is 
related to hornification up to some extent. The smaller and more collapsed the pores are 
the greater is the probability of hornification. Basic pore measurement methods analyse 
the average pore size and its distribution. However, the results are not truly reliable since 
the pores are mostly irregularly shaped and poor approximations are used in the 
calculation. (Maloney and Paulapuro 1999, Park et al. 2006) There are many methods 
based on the pore size measuring and the most common ones are in Table 1: Solute 
exclusion, Inverse size-exclusion chromatography (ISEC), nuclear resonance 
spectroscopy (NMR) and thermoporosimetry. 
 
Solute exclusion has been used for long time to investigate the structure of fibre pores 
(Stone and Scallan 1968). It is a good method to evaluate the amount of water in the cell 
wall and it is sometimes referred as a fibre saturation point (FSP) measurement since 
the measurement is done under fully swollen state of the fibre (Park et al. 2006).  The 
measurement is based on the assumption that probe molecules (soluble mono- and 
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polysaccharides) can access all the pores that are larger than the diameters of the 
probes and therefore, accessibility of noninteracting pores can be measured. (Maloney 
and Paulapuro 1999) The method has some disadvantages such as ignoring the small 
and isolated pores and the fact that it requires several experiments and is therefore time 
consuming (Berthold and Salmen 1997, Park et al. 2006). ISEC is using the same 
principle as solute exclusion and is also done in the swollen state of the fibre. The 
difference is that ISEC provides more data with just one experiment the solute exclusion 
method. (Berthold and Salmen 1997)  
 
Thermoporosimetry is a technique where differential scanning calorimetry (DSC) is used 
for pore size distribution measurement. The method is applied for pulp fibers by Maloney 
et al. (1998). It is based on the phenomenon that water that is inside the pores has 
depressed melting temperature compared to free water molecules. However, also 
osmotic pressure results to depression in water melting temperature and therefore the 
results are not unambiguous. (Maloney 1998, Maloyne and Paulapuro 1999) DSC can 
be combined with TGA to get more accurate results (Park et al. 2006). 
 
NMR is also used to analyse the pore structure in cell walls, and one type is NMR 
relaxation method. The relaxation time in NMR is shorter for liquid molecules close to 
solid base than for separate liquid molecules. Therefore, NMR signal is dependent on 
the pore volume and the pore surface area ratio can be estimated. (Häggkvist et al. 1998) 
The greatest disadvantage is that the data is difficult to interpret. (Maloney and 
Paulapuro 1999) A more recent method is NMR cryoporometry which is following the 
same principle as thermoporosimetry. NMR cryoporometry has successfully been used 
to study hornification in pulp. (Östlund et al. 2010). 
 
As seen from Table 1, there are many limitations in the indirect methods when using 
them for estimating hornification. If measuring the hornification in pulp fibres, a good 
estimation might be reached with combining WRV to one of the pore size distribution 
methods. However, with these methods, no value or quantitative analysis can be given 
for hornification. Also, WRV cannot be applied to solid wood and therefore other methods 




4.2 Direct methods 
There are two methods that measure exclusively the accessibility of hydroxyl groups in 
the material: deuteration combined with Fourier transform infra-red (FT-IR) spectroscopy 
and dynamic vapour sorption (DVS) –method. The accessibility of hydroxyl groups in 
wood and pulp is inversely proportional to the hornification and therefore these two 
methods are referred as direct methods. With direct methods, hornification results are 
more reliable since no second-hand property is used for the estimation.  
 
4.2.1 Deuteration combined with FT-IR spectroscopy 
Deuteration combined with FT-IR has been used to study different properties of cellulose 
such as diffusion and effects of moisture uptake (Tsuchikawa and Siesler 2003, 
Hofstetter et al. 2006). Suchy et al. (2010a) implemented the method to measure 
accessibility of cellulose during different treatments. The method combines deuteration 
step with photoacoustic (PAS) FT-IR analyses. The concept is demonstrated in Figure 
6. The first step is to exposure the sample to D2O which cause the OH groups change to 
OD groups. Suchy et al. (2010a) dried the sample after that to get some of the OD groups 
inaccessible and those retained in the sample after washing the sample with water. 
 
 
Figure 6: Scheme of the deuteration method illustrated by Pönni et al. (2014). 
 
OD groups left in cellulose could after Figure 6 be appointed with IR spectroscopy. 
Deuterium stretch signal is located at 2500 cm-1 as can be seen from the FT-IR spectra 
in Figure 7. There are no other signals near this peak and interpreting the spectra is 
therefore rather easy. (Suchy et al. 2010a) The result got from the method is an 
estimation of the hydroxyl groups that are inaccessible in the material. Therefore, the 




Figure 7: FT-IR spectra of pine (upper) and spruce (lower) dried in to different temperatures. 
Squares indicate where deuterium peak is seen. (Suchy et al. 2010a) 
 
Even though the method bares information about the hornification, precise number of 
accessible hydroxyl groups is not achieved (Pönni et al. 2014). Therefore, the 
comparison of results from different experiments is not possible. Also, the method should 
be standardized since for example, if the deuteration time differs in the experiments, it 
has a great impact to the results (Suchy et al. 2010a).  
 
4.2.2 DVS 
Accessibility of hydroxyl groups in wood can be measured by deuterium exchange in 
dynamic vapour sorption apparatus (DVS) (Rautkari et al. 2013, Pönni et al. 2014, 
Popescu et al. 2014, 2015, Kymäläinen et al. 2015). The principle of the method has long 
been known for cellulose (Sepall and Mason 1961) but the apparatus was commonly 
used to investigate the water sorption behaviour of wood and fibres (Hill et al. 2010, 
2012) rather than accessibility. 
 
The DVS method is based on the exchange of protium (1H) from free hydroxyl groups to 
deuterium (2H). This will increase the mass of the sample since deuterium has 1 g/mol 
higher atomic mass than hydrogen due to the additional neutron (Pönni et al. 2014) as 
can be seen from Figure 8a. Figure 8b demonstrates how only the free hydroxyl groups 
















Figure 8: a) Difference of hydrogen and deuterium atoms. b) Change of hydrogens from free 
hydroxyl groups to deuterium (Pönni et al. 2014). 
 
Pönni et al. (2014) concluded that DVS is a reliable method to measure cellulose 
accessibility. The greatest advantage of the method is that actual number for accessible 
hydroxyl groups is achieved. However, the long measurement time is a major weakness 
of the method (Pönni et al. 2014). There is too little information, for example, about the 
proper deuteration time of the sample, even though Pönni et al. (2014) noticed it to have 
great effect to the accessibility results. Also, the DVS method would need some 
standardization to get more comparable results. Compared to deuteration and FT-IR 
methods, standardizing the DVS method is rather simple since the steps are done in the 
programmed apparatus and not by hand.   
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5 METHODOLOGY AND PRELIMINARY RESULTS 
The aim of this thesis was to investigate possible hornification in wood that is thermally 
modified in high-pressure reactor. Therefore, Scots pine was eventually thermally 
modified under saturated steam and dried after the process, after which the equilibrium 
moisture content (EMC), mechanical and swelling properties were tested. Also, 
accessibility of hydroxyl groups was measured with DVS to get an indication of 
hornification. However, before starting the actual experiment, preliminary tests needed 
to be executed and a DVS method developed to fit the purposes of this thesis. The results 
from these preliminary tests are reviewed in this methodology part to keep the structure 
explicit. This Chapter is therefore divided into four parts. In the first section, a new high-
pressure reactor is introduced. In the second part of this Chapter, the method for 
accessibility measurements with DVS apparatus is developed. Third section includes the 
actual testing on the effects of hornification. In the last part, chemical analyses are 
explained.  
 
5.1 Introduction of high-pressure reactor 
In this section, a new high-pressure reactor is introduced and pre-test for mass loss and 
relative humidity during the modification are explained. The aim of these experiments 
was to learn to use the reactor and find suitable parameters to use in the following 
experiments in this thesis. Results for mass loss test are discussed here since the results 
are essential for further experiments. 
 
5.1.1 Reactor 
A high-pressure reactor for thermal modification of wood was built in Aalto University 
School of Chemical Technology and is photographed in Figure 9a. The actual reactor is 
20 litres but the apparatus consists a separate evaporator that holds 4 litres of water. 
Thermal modification is performed with water vapour controlled through that evaporator. 
Flowchart of the apparatus is in Figure 10. Temperature in the reactor is monitored with 
three thermometers, and the pressure with a pressure sensor. Automatic valve will open 
if the pressure is increased over the set point. The basket for the samples is seen in 
Figure 9b where it is loaded with test specimens. 
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Figure 10: Detailed flowchart of the high-pressure reactor. 
 
5.1.2 Material information 
Material used in this pre-test section was Scots pine (Pinus sylvestris L.) grown in 
Finland. Only sapwood boards were chosen. Boards were conditioned several months 
at 20 °C and RH 65% and then cut and planed to specimens of 13 cm longitudinal, 1 cm 
radial and 0.5 cm tangential. Samples with knots and cracks were eliminated. The 
samples were first dried at 50 °C oven for 24 hours in order to avoid cracks and then at 
103 °C oven for 24 hours. Oven-dried weight was measured and samples market 
carefully. Half of the samples were soaked in water for few days and half of them were 
kept in the oven. The soaked samples are referred as “wet samples” and oven-dried 
ones as “dry samples”. Wet samples were included to the experiments to indicate the 
possible changes in green wood that is tested later in this thesis. 
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5.1.3  Mass loss experiment 
In order to start any actual testing, a proper temperature had to be found to obtain a 
desired mass loss. Mass loss was aimed was between 3 to 8% since according to the 
patent of Viitaniemi et al. (1997) that is the limit where the benefits of thermal modification 
are achieved. Based on the gained mass losses of Rautkari et al. (2014), five 
temperatures were tested (140, 150, 160, 170, 180 °C) at saturated vapour pressure. 
Samples were thermally modified in the high-pressure reactor introduced in section 
5.1.1.  
 
Th reactor and evaporator were pre-heated about 1 hour to reach the modification 
temperature. Then the lid was opened, loaded with samples and closed again within 5 
minutes. Temperature was lowered to under 100 °C but target temperature was reached 
again rather quickly when the programme started. Six dry samples and six wet samples 
were tested in each temperature. Temperature and saturated vapour pressure were kept 
in the reactor for 3 hours. Water was removed from the process after 1 hour and after 2 
hours. Reactor was manually stopped at the end of the process and samples taken away. 
Example of the treatment conditions can be seen from Figure 11. The pressure was 
stabilized within 15 minutes of beginning and stayed in the set value for the whole 
treatment. Temperature was adjusted within 30 minutes of starting but small variations 
were seen also after the start. Temperature was on average 2 °C higher than the set 
value which is not a remarkable difference. 
 
Figure 11: Process conditions for set values of 160 °C and 6,18 bars. 
 
Samples were then dried again at 103 °C for 24 h and a new oven-dry weight was 
measured. The mass loss was calculated following the Equation 1 where mOD1 stands 
for the initial oven-dried weight and mOD2 for the oven-dried weight after the heat-
treatment. 
 




























 Mass	loss	 % = 	)*+,-)*+.)*+, ∙ 	100	%      (1) 
 
Results showed an expected increase in mass loss with increased temperature (Figure 
12). Wet samples resulted in greater mass loss, also as expected. Based on this results, 
proper temperatures had to be found for further tests. With 140 °C the results were 
unreliable and there was a lot of variation, therefore it was not a proper temperature. 
With 150 °C the mass losses were quite small and decreasing the relative humidity would 
lead to no mass loss at all. However, 180 °C resulted to too great mass losses and the 
wood samples were extremely brittle after the modification. Eventually, 160°C and 
170°C, with corresponding mass losses of around 6 and 12%, were chosen for further 
tests since 160 °C was the only temperature where aimed 3-8% mass loss was reached. 
170 °C was also chosen as a comparable temperature because with decreasing RH the 
mass loss would approach the aimed values.  
 
Figure 12:  Mass losses after the modification with different temperature with equivalent saturated 
steam pressure. 
 
5.1.4 Effect of relative humidity 
The testing of the reactor was continued with changing the relative humidity in the 
treatment instead of the temperature. The purpose of this test was to see if the reactor 
works properly and the results are reliable. Based on the results of the previous 
measurement, two temperatures, 160 and 170 °C, were chosen for this test. Chosen 
temperatures where tested at five different RH: atmospheric RH, 25%, 50%, 75% and 
100%. Atmospheric RH was 16% in 160 °C modification and 13% in 170 °C modification. 
Smaller RH was not possible in this experiment since vacuum would have been needed. 
The testing plan is demonstrated in Figure 13. Additional purpose of this test was also to 
see how the wood material behaves after the modification and therefore the samples 
were conditioned at 20 °C and RH 65% at the end. 
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
















Figure 13: Testing plan for relative humidity experiment. 
 
The desired RH was reached by changing the pressure in the reactor. Saturated vapour 
pressure was assumed to be same as RH 100% and based on that the other RH values 
were calculated from Equation 2 where X is the pressure set point in the reactor. 
 
 X	 bars = 	 5678967:;	<6=>89	=9:5589:	 ?695 ∙769@:7	AB	(%)		EFF	%     (2) 
 
Calculated pressures used as set points are in Table 2 in the left and right are the 
measured values. Thermal modification was done as described in section 5.1.3 with 15 
dry samples and 15 wet samples. The treatment time was again 3 hours. Samples were 
dried afterwards at 103 °C for 24 h and the mass loss was calculated using Equation 1.  
 
Table 2: Set values and measured values for the process. 
Temperature (°C) Pressure (bar) RH (%)  Temperature (°C) Pressure (bar) RH (%) 
160 1,01 16  158 1,08 18 
1,55 25  154 1,55 29 
3,09 50  156 3,07 55 
4,64 75  159 4,53 75 
6,18 100  162 6,09 94 
170 1,01 13  165 1,08 15 
1,98 25  161 1,97 31 
3,96 50  165 3,9 56 
5,94 75  168 5,9 78 
7,92 100  172 7,73 93 
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Measured values differed slightly from the set values as can be seen from Table 2. 
Pressure stayed quite well in the range of set values and greatest variation was seen at 
RH 100%. Also, the temperature stayed quite well with only minor variations. Real RH is 
calculated in the right of the table based on measured values and is higher than set value 
for RH under 75% and lower for set values of 100%. 
 
5.1.5 EMC measurement 
After the treatment, samples were conditioned at 20 °C and RH 65%. The weight was 
measured after a week and then every two days until the difference between measured 
weights was less than 0.05 %. EMC was calculated based on the oven-dry mass and 
the mass after the equilibrium was reached. 
 
5.2 Developing of the DVS analysis 
This section focuses on developing the method for measuring hornification. In the 
literature review, the DVS method was valuated to be the best method to estimate 
accessibility of the hydroxyl groups in solid wood. Accessibility and its relation to 
hornification was also explained. The DVS apparatus (DVS Elevated Temperature ET, 
Surface Measurement Systems Ltd., London, UK) used in the tests is demonstrated in 
Figure 14. The sample is placed on the sample holder which is connected to ultra-
sensitive microbalance. The RH in the chamber is maintained with flow of dry nitrogen 
gas which is mixed with water vapour or D2O. 
 
Figure 14: DVS ET apparatus (Hill et al. 2010). 
 
Rautkari et al. (2013) and Kymäläinen et al. (2015) have used the method in their 
research for measuring accessibility in modified wood. In test performed by Rautkari et 
al. (2013), 10-20 mg of wood sample was placed in DVS apparatus and dried first with 
nitrogen. The equilibrium in all the steps was achieved when the mass of the sample was 
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changing less than 0.002% per minute (dm/dt) over 10 minutes. The example of the 
process is in Figure 15. Rautkari et al. (2013) used multiple deuteration steps but in the 
Figure 15 they are shown as one to simplify the figure. Multiple deuteration steps were 
concluded unnecessary in accessibility measurements by Pönni et al. (2014) and 









Stage T (°C) RH (%) Liquid Equilibrium 
1. Initial drying 25 0 - 0.002% dm/dt for 10 min 
2. D2O impregnation 25 95 D2O 0.002% dm/dt for 10 min 
3. Drying 25 0 - 0.002% dm/dt for 10 min 
 
Figure 15: Method to measure accessibility modified from Rautkari et al. (2013a). The second 
step was multiple cycles in their work. 
 
The amount of accessible hydroxyl groups is calculated according the Equation 3 (Pönni 
et al. 2014). 
 
 A	 = 	 ()H	–	)J))J ∙ 	1000	 )>KLM       (3) 
 
where A is the accessibility, mi is the initial dry weight of the sample and mD stands for 
the dry weight of the sample after deuterium exchange. The DVS method was developed 
in order to reach more reliable results and shorter treatment time (Pönni et al. 2014). 
 
5.2.1 Inclusion compound  
Hill et al. (2015) noticed that after the first drying step there was residual water trapped 
inside some of the samples. After re-wetting and second drying step, the trapped water 
disappeared. Therefore, if only first drying step is used, the accessibility results could be 
distorted by a residual compound. Based on these results, an additional test was 
performed with the hypothesis that there could be residual compounds in the samples 
after first drying. Term “inclusion compound” can be used to refer to the molecules 
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trapped in the wood sample after the first drying. Inclusion compound is noticed in 
cellulose research where it is used deliberately to increase the properties of the fibre 
derivates (Radu et al. 2013). 
 
For this inclusion compound test, 20 mg of never-dried Scots pine samples were soaked 
in four different liquids: water, methanol, ethanol and 2-propanol. Samples were cut with 
a razor blade and then soaked in the liquids for 48 hours prior to testing. Drying was 
done with DVS (DVS Intrinsic, Surface Measurement Systems Ltd., London, UK) using 
nitrogen. Only H2O can be used as a liquid in the DVS apparatus used in this section 
and therefore it differs from the one presented in section 5.2. Initial drying, as well as 
other stages, were done until the sample weight change was less than 0,0005 % per 
minute (dm/dt) for 10 minutes. After the drying, sample was moistened with water and 
then dried again. Inclusion compound was calculated with Equation 4.  
 
 	IC	 = 	 ()	–	)J))J 	 ∙ 	1000	 )>KLM       (4) 
 
where IC is the inclusion compound, mi is the initial dry weight of the sample and m 
stands for the dry weight of the sample after second drying. Example of the method steps 
and measuring conditions are in Figure 16. 
 
Stage T (°C) RH (%) Liquid Equilibrium 
1. Initial drying 25 0 - 0.0005% dm/dt for 10 min 
2. Water release 25 95 H2O 0.0005% dm/dt for 10 min 
3. Drying 25 0 - 0.0005% dm/dt for 10 min 
 
Figure 16: Example of the method for inclusion compound testing. Ethanol was used in this test 
as a liquid. 
 
Inclusion compound results for the four liquids are in Figure 17a. Water hardly had any 

















Methanol had a bit more IC, still less than 1 %. However, ethanol had already a significant 
amount of IC, a bit over 3 % and 2-propanol even twice as much, around 6 %. The 
properties of the liquids are compared in Figure 17b to explain this results. 2-propanol 
has the greatest number of atoms, chemical bonds and highest molar mass whereas 
water has the lowest values in these three properties. Ethanol and methanol are in the 
between with methanol being closer to values of water. 
 
 
Figure 17: a) Inclusion compound results. b) Comparing the results to the properties of the water, 
ethanol, methanol and 2-propanol. R2 in all the curves is 0.94094. 
 
The result show clearly that the bigger the molecules of the liquid are, the more is trapped 
inside the wood sample during the first drying step. With ethanol and 2-propanol, the 
inclusion compound could affect significantly to the accessibility results. Besides, 
inclusion compound could disturb the results of the accessibility of hydroxyl groups since 
the compounds can prevent the change of the hydroxyl groups to deuterium groups. 
Therefore, an initial drying and moisturizing stage should be added to the accessibility 
measurement with DVS to eliminated the effect of inclusion compound. The suggested 
































































a)                                                          b) 
steps were used in next test described in section 5.2.2 and the process can be seen from 
Figure 19. 
 
5.2.2 D2O impregnation time 
One disadvantage of the DVS method used for hydroxyl accessibility measurements is 
the long duration of one measurement. Exposure time to D2O is critical since it is the 
longest step in the process but it also greatly affects the accessibility results. (Pönni et 
al. 2014) This test was done to estimate the ideal time for D2O impregnation. 10 mg pine 
wood samples were dried with the DVS from section 5.2 and the impregnation time for 
95% RH with deuterium oxide was started with 2 hours and then increased up to 14 
hours. The accessibility was measured after the impregnation and mass gain calculated 
comparing the mass before and right after the D2O impregnation. The results for the 
accessibility are in Figure 18a and for the mass gain in Figure 18b. 
  
Figure 18: a) Accessibility of hydroxyl groups depending on the deuteration time. b) Mass gain 
depending on the deuteration time. 
 
Hydroxyl group accessibility increased with increased deuteration time. This indicates 
that D2O impregnation was not completed even after 14 hours. The experiment should 
have been continued to see how much further the accessibility would have increased. 
However, the mass gain stabilized after approximately 10 hours. Therefore, it could be 
assumed that accessibility would not increase long after that. Based on the results the 
deuteration time should be a bit over 10 hours and for example in 12 hours the D2O 
impregnation could be assumed to be completed. The results are quite long compared 
to literature where deuteration of cellulose has been stated to be completed from 2 hour 
to several hours (Hishikawa et al. 1999). Still, the results from this test are used in the 
further experiments and deuteration time is set to 12 hours. 
 




















5.2.3 Hornification in initial drying 
The impact of the initial drying conditions to hornification of wood were tested with DVS 
deuterium exchange method to find the suitable drying parameters for the main 
experiment. Green wood samples of 20 mg were set in the DVS apparatus described in 
the beginning of section 5.2. Example of the process steps used in the measurements 
are in Figure 19. Initial drying conditions where changed between four temperatures (25, 
50, 75, 100 °C) and four relative humidity values (0, 25, 50, 95%) to find out how 
hornification depends on temperature and RH. Accessibility of the hydroxyl groups was 
measured right after initial drying and calculated with Equation 3. 
 
Stage T (°C) RH (%) Liquid Equilibrium 
1. Initial drying 50 50 - 0.0005% dm/dt for 10 minutes 
2. Drying 25 0 - 0.0005% dm/dt for 10 minutes 
3. Water release 25 95 H2O 0.0005% dm/dt for 10 minutes 
4. Drying 25 0 - 0.0005% dm/dt for 10 minutes 
5. D2O impregnation 25 95 D2O 12 hours 
6. Drying 25 0 - 12 hours 
 
Figure 19: Example of the new method to measure accessibility and initial drying at 50°C and 
RH 50%.  
 
In this test, process diagrams looked slightly different in the 1. and 2. stage depending 
on the initial drying conditions. In Figure 20a, where the initial drying was done at 0% RH 
and 100 °C, the mass dropped lowest in the stage 1 and increases in stage 2. The reason 
for this is in the fact that warm air rises and lifts the sample holder up making the sample 
seem lighter than it truly is. On the contrary, Figure 20b shows initial drying at 25 °C and 
50% RH, and the weight did not decrease as much in stage 1 as in stage 2. This indicates 
that the sample did not dry completely during the initial drying. Therefore, stage 2 was 
initially added in the method to make sure that samples are dried after the initial drying. 
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Temperature at 25% RH
 
 
Figure 20: Different process diagrams: a) initial drying at 100 °C and RH 0% b) initial drying at 
25 °C and RH 50%. 
 
Example results for this initial drying test are in Figure 21a with RH changing and in 
Figure 21b with temperature changing. Based on the results, the drying temperature did 
not affect accessibility of hydroxyl groups when it stayed under 100 °C whereas the 
relative humidity had an effect. With increasing RH, higher accessibility was reached. 




Figure 21: a) Accessibility depending on initial drying temperature. b) Accessibility depending 
only from RH. 
 
The results got from this experiment were quite the opposite to a similar experiment 
executed by Suchy et al. (2010a). They found that temperature had an effect to the extent 
of hornification and initial drying at 25 °C resulted to considerably lower accessibility than 
initial drying at 80 °C. In their experiment, the RH did not have an effect to accessibility 
when dried at 25 °C but at 80 °C higher RH increased the accessibility. The differences 
between the results of Suchy et al. (2010a) and the experiment done in this thesis can 
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be explained with different method used and with small sample size. Suchy et al. (2010a) 
made the measurement with deuteration combined with FT-IR and they also used 
deuterium oxide in the initial drying. They also tested only one sample per each treatment 
as was done in the test with DVS. The number of simultaneous samples should be 
increased to get reliable results. Once again, the results from the test done in this thesis 
are used for the further experiments. 
 
5.3 Effect of hornification on the properties of thermally modified wood 
The purpose of this section was to modify wood in high-pressure reactor under saturated 
steam and dry it under five different conditions after the modification. The EMC, 
mechanical properties and swelling properties were measured, and hornification 
estimated with DVS to see if it affected to the properties. The testing plan is in the Figure 
22 where the experiment is connected to the preliminary tests with the reactor and the 
DVS. Chemical analyses are explained in section 5.4. 
 
 




a)                                 b) 
5.3.1 Material information 
Scots pine (Pinus sylvestris L.) boards were used in this experiment. Never-dried green 
wood boards were provided by Versowood in Vierumäki and only sapwood boards were 
chosen. The material cutting plan is demonstrated in Figure X. After step 1, the pieces 
of the boards were kept in a freezer and cut on the day of modification to sample 
dimensions of 14 cm longitudinal, 1.5 cm radial and 1.5 cm tangential as showed in step 
3. MC sample pieces were cut from every fifth sample, weighted and dried at 103 °C for 
24 hours for MC determination. MC value was used to estimate the initial weight of the 
samples and based on that the mass loss was calculated using Equation 1. After the 
modification and initial drying, samples were dried at 103 °C for 24 hours and then 
conditioned at 20 °C and RH 65%. After EMC was reached as described in section 5.1.5, 
the samples were cut and planed to pieces of required dimensions for bending test 
(Figure 24a), impact test and swelling test (Figure 24b). 
Figure 23: Material cutting plan for green wood board. 1) Knots and cracks are eliminated. 2) 
Material is kept in a freezer and cut just before going to the reactor. 3) Material is cut to pieces 












Figure 24: Material cutting plan after the thermal modification. 
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5.3.2 Thermal modification and drying 
Green wood samples were thermally modified under saturated vapour pressure and for 
3 hours with the high-pressure reactor described in section 5.1.1. Two different 
temperatures, 160 and 170 °C, were used based on the test explained in section 5.1.3. 
Immediately after the treatment, samples were dried in air-and-steam oven (Electrolux) 
at 75 °C. Five different relative humidity values were used: 0, 25, 50, 75 and 95%. 
Samples were dried for 6 hours at each RH. 
 
5.3.3 Accessibility of the hydroxyl groups 
Accessibility was measured with the DVS apparatus introduced in section 5.2. The 
method used was the same as in section 5.2.3 but temperature in initial drying was kept 
at 25 °C and RH 0%. DVS measurement was done for two treatments thermally modified 
at 160 °C, drying at RH 50% and RH 100%. Also, unmodified samples were used as a 
reference. Measurement was done in duplicates for each treatment. 
 
5.3.4 Bending test 
Bending test for wood boards is usually done according the standard EN 408 (2011). EN 
408 is a 4-point bending standard for static modulus of elasticity (MOE) and modulus of 
rupture (MOR) for timber structures but the minimum length described by the standard 
was too long for the samples treated in the high-pressure reactor. Therefore, 3-point 
bending modified from EN 310 (1993) was used. Sample size was 13 cm x 0.5 cm x 0.5 
cm. The test was carried out with Zwick testing apparatus (MTS Renewal, Zwick, 
Germany) equipped with bending test spans. The distance between the supports was 10 
cm. MOE and MOR were calculated according the standard (EN 310 1993). 
 
5.3.5 Charpy impact test 
Charpy impact test was done following the EN ISO 179-1 (2010) made for testing of 
plastics. Samples were treated as long-fibre-reinforced material and conditioned 24 
hours in the testing room according to standard. Test was done with Charpy impact 
testing machine (HIT5, Zwick, Germany) for un-notched samples and flatwise impact 
was tested in parallel-to-fibre direction. Sample dimensions of 8 cm (length), 1 cm (width) 
and 0.4 cm (thickness) specified by the standard were used. The span in the machine 
was 6.2 cm and pendulum of 4 J was used. The un-notched Charpy impact strength was 




5.3.6 Swelling test 
The swelling test was done with samples of 1 cm longitudinal, 1 cm radial and 0.5 cm 
tangential sawn from the impact test pieces. Five samples of each treatment were used. 
Samples were dried at 103°C for 24 hours prior to the test and their dimensions were 
measured with a slide caliper. Samples were then placed in deionized water for a week 
and measured again. Swelling and ASE values were calculated following the equations 
from Hill (2006, pp. 33-34). 
 
5.4 Chemical analysis 
Chemical analyses were done to the acetone soluble compounds from unmodified wood 
and thermally modified wood, and to the residual water coming from the thermal 
modification. The aim of this experiment was to understand more about chemical 
reactions that occurs in this specific process and whether it can be related to those 
reported in literature. The main analysis used here was gas chromatography-mass 
spectrometry (GC-MS) but also high performance anion exchange chromatography 
(HPAEC) was performed to residual water. 
 
5.4.1 Sample preparation 
Same material was used as described in section 5.3.1. Green wood samples were 
thermally modified in high-pressure reactor for 3 hours at 170 °C under saturated steam 
pressure. The samples were then dried with unmodified samples at 103 °C for 24 hours 
and milled to 60 mesh. Extraction was done to unmodified and modified samples as 
duplicates. 5 g of milled wood was weighted to each Soxhlet sock and extracted for 6 
hours with acetone (Sigma-Aldrich, 98.7%). The acetone was then evaporated from the 
samples by leaving the solution in the fume hood for two days. 
 
After the thermal modification, there was about 1 litre of liquid on the bottom of the 
reactor. The liquid was weighted and then two 20 ml samples were taken from it. The pH 
values of those samples were measured three times with Thermo Scientific pH meter 
(Thermo Scientific Orion 2-star benchtop pH meter, USA) and the average calculated. 
The solution was then filtered with Whatman Glass microfiber filters (Grade GF/F, 
Whatman plc, UK). After that the other 20 ml sample was saved for the HPAEC test and 
other was was placed in a freeze-drying holder and kept in the freezer over-night. Sample 
was then freeze-dried with Labconco freeze-drier (Labconco Corporation MO 64132, 





Monosaccharides in the residual water sample were determined with HPAEC equipped 
with CarboPac PA20 (ICS-3000, Dionex Corp., Sunnyvale, CA, USA). Filtered sample 
was diluted to 100 with Mill-Q prior to the analyse. The analysis was performed by the 
technical staff in Aalto University School of Chemical Engineering. 
 
5.4.3 GC-MS 
Individual components in the condensation water samples and acetone soluble 
compounds from the modified and unmodified samples were aimed to identify using GC-
MS. Dried residual water samples were diluted to one tenth and extractives to one 
hundredth with pyridine (Aldrich, 98%). All three samples were run as duplicates. 1 mg 
of diluted samples were mixed with 0.5 ml of pyridine and 0.25 ml of solution of BSTFA 
with 5 % TMCS. Samples were placed to a single quadrupole mass spectrometer 
(Thermo Scientific ISQ series, USA) coupled with gas chromatograph (Trace 1300). 
Measurement was done with 30 m x 250 μm x 0.25 μm i.d. column (TraceGOLD TG-
200MS) and helium used as the carrier gas (1.2 ml/min). 
 
 
6 RESULTS AND DISCUSSION 
The aim of this Chapter is to review and analyse the results from Chapter 5. Results are 
compared to literature and critically discussed. The Chapter is divided into three parts 
and first the focus is in the results of the pre-test with changing RH. Then the experiment 
of hornification effecting to the properties of thermally modified wood under saturated 
steam is reviewed and discussed. Last, the results from chemical analyses are compared 
to the literature. 
 
6.1 Results from the relative humidity experiment 
This test was performed to learn more about the high-pressure reactor and how the 
material behaves after different treatments performed with the reactor. The results for 
160 °C modifications are in Figure 25a, b and for 170 °C in Figure 25c, d. Most of the 
results are logical, supporting the theory that increasing RH increases the mass loss. 
Soaked samples result in greater mass loss compared to dry ones. The mass loss should 
be at least 3% to improve dimensional stability (Viitaniemi et al. 1997). Only 75% and 
95% at 160 °C reach the requirement, and at 170 °C starting from RH 50%. 
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Figure 25: a) Mass loss b) EMC after thermal modification at 160 °C with different relative 
humidity. c) Mass loss d) EMC thermal modification at 170 °C with different relative humidity. 
 
The standard deviation of the mass loss in both Figure 25a and 25c increases as the 
relative humidity increases. For example, at 170 °C and RH 25%, the standard deviation 
is around 1% whereas in 170 °C and RH 95% it is already around 4%. This might be 
caused by the extractives and other degradation products that stay in the sample after 
the modification. The phenomenon increases with increased mass loss. (Altgen et al. 
2016) This affects the results since the amount of these compounds is not standard. The 
disturbance could be avoided with corrected mass loss measurement where the sample 
is extracted before the mass loss measurement. (Altgen et al. 2016) 
 
The EMC and mass loss is compared in Figure 26 and it can be concluded that EMC is 
somewhat inversely proportional to the mass loss. The same have been proven earlier 
(Altgen and Militz 2016). However, noticeable is that EMC of the wet and dry samples 
are quite the same at the same relative humidity even though the mass loss differs. This 
is clear for example at 170 °C RH 95%, where the mass loss is around 2% higher in wet 
samples but the EMC is still same for wet and dry samples. This indicates that the mass 
loss is not the only mechanism effecting the EMC. Altgen and Militz (2016) noticed that 
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
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a)                                               b) 














initially wet samples act differently after thermal modification than initially dry samples. 
In their experiment, the dimensional stability of wet samples decreased with increasing 
mass loss whereas in dry samples the dimensional stability is directly proportional to the 
mass loss. Same can be seen in this results from 160 °C and 95% RH modification where 




Figure 26: Correlation of mass loss and EMC a) modified at 160 °C, b) modified at 170 °C. 
 
6.2 Effect of hornification on the properties of thermally modified wood 
The aim of this experiment was to investigate the effects of hornification on the properties 
of wood thermally modified under saturated steam. The assumption was that during the 
modification no hornification occurs, and therefore, the extent of hornification could be 
defined in the drying step after the modification. Based on the experiment in section 
5.2.3, hornification was expected to decrease with increased RH in drying. To estimate 
the extent of hornification, equilibrium moisture content (EMC) and accessibility of the 
hydroxyl groups were measured. Mechanical properties and swelling properties were 
tested to evaluate whether hornification affects any of those. 
  
6.2.1 EMC  
The mass loss was assumed to be the same, around 6%, between the samples thermally 
modified at 160 °C, and around 12% at 170 °C. The only difference was the drying 
conditions after the thermal modification. EMC values for both modifications can be seen 
from Figure 27a and 27b. The results in Figure 27a are differing between the drying 
conditions but at 170 °C, no differences can be seen from the figure. 
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Figure 27: EMC at 20 °C and 65% RH for samples thermally modified at a) 160 °C b) 170 °C and 
dried differently. 
 
Statistical analysis was performed to the results of EMC to find out the significant of the 
variations. Minitab program (Minitab 17, Minitab Inc.) was used as an analysis tool and 
one-way variance analyse (ANOVA) was drawn with 95% confidence interval (CI). 
Example of the analysis is in Figure 28 where the dependence of EMC on the drying RH 
is analysed. Statistical difference is detected based on the overlaps of the CI vertical bar. 
For example, drying at RH 95%, 25% and 75% had no statistical difference in EMC since 
the CI vertical bars are clearly overlapping. However, drying at RH 0 % and 50 % have 
statistically significant differences in EMC since the CI vertical bars are not overlapping 
at all.  
 
 
Figure 28: ANOVA analysis done for samples thermally modified at 160 °C and dried at different 
relative humidity. 
 
Based on the ANOVA analysis, there was a notable difference in the EMC values of 160 
°C. Therefore, it could be stated that the drying method affected to the EMC. EMC is 
strongly connected to the accessibility of the OH-groups in the sample since they are 
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responsible for adsorbing the moisture from the surroundings. Based on that, 
hornification could be assumed to be greatest in the samples dried at RH 95% or RH 0% 
and lowest in the sample dried at RH 50%. This is disagreeing with the results from initial 
drying test done in section 5.2.3 where the lowest hornification was achieved with the 
highest RH. Since the initial drying test with DVS was done only for one specimen in 
each condition, it is not reliable. These EMC tests were done for 20 samples each so 
they are more likely to give precise results. Furthermore, the result with least hornification 
at RH 50% is logical if the hornification is dependent on the severity of the drying. In this 
experiment, with the 95% RH drying the sample stayed quite saturated and was then 
dried at RH 0% and 103 °C. This is considerably more severe drying than starting with 
RH 50% where the sample already dries some and is then dried completely at RH 0%. 
The theory is supported by the fact the RH 0% initial drying and RH 95% initial drying 
resulted to quite similar EMC. 
 
Nevertheless, there was no differences between the 170 °C modification based on the 
ANOVA analysis and the Figure 27b. One reason for this is that he standard deviations 
in the 170 °C results, especially in the RH 75% drying, are quite significant and therefore 
no differences can be stated. Also, the mass loss is relatively high at the 170 °C treatment 
which might prevent the hornification from occurring if the hydroxyl groups are not in 
contact with each other due to the massive degradation. Based on these results, the 
accessibility measurement where outlined to samples thermally modified at 160 °C and 
dried at RH 50% and 95%. 
 
6.2.2 Accessibility of the hydroxyl groups 
Results from the hydroxyl groups accessibility measured with DVS are in Figure 29. The 
results were, as expected, based on the EMC measurement, and drying at RH 50% 
resulted in lower hornification than the drying at RH 95%. Therefore, the assumption that 
the state of hornification can be estimated based on EMC was presumably right. Also, it 
seems that the drying RH had effect on the hornification and it was favoured in severe 
drying, from which the RH 95% is an example as explained in section 6.2.1. However, 
these tests were carried out only twice and they should be repeated to get reliable results. 
Besides, the variation in 95% drying is quite high which also decreases the reliability of 
this results. Unpredictably, the accessibility difference between the RH 50% sample and 




Figure 29: Accessibility of hydroxyl groups after the 160 °C modification and drying at 75 °C with 
RH of 50% and 95%. Unmodified sample was used as a reference. 
 
6.2.3 Mechanical and swelling properties 
Impact strength, MOE and MOR were tested from the samples and mechanical 
properties were evaluated based these tests. Also, the water-uptake was tested and 
swelling and ASE calculated to learn more about the moisture behaviour of the samples. 
Results from these tests are summarized in Table 3. In Appendices 1 and 2 the same 
results are presented visually. ANOVA analysis described on section 6.2.1 was done for 
the results and they are in Appendix 3. For swelling and ASE values, the ANOVA analysis 
was not performed due to the small number of simultaneous samples. 
 
Table 3: Results from impact test, bending test and swelling test for samples dried differently after 











(%) ASE (%) 
Reference - 34.3 (6.1) 11.9 (1.9) 100.2 (11.3) 18.5 (1.6) - 
SA 160 °C 0 20.8 (7.1) 12.0 (0.9) 71.9 (11.5) 15.0 (3.4) 18.6 
 25 12.3 (2.8) 8.7 (1.4) 51.6 (10.2) 15.1 (3.1) 18.4 
 50 22.8 (6.5) 12.3 (0.8) 84.3 (11.1) 14.6 (1.4) 20.1 
 75 18.7 (5.8) 12.4 (1.4) 75.0 (12.4) 15.8 (0.9) 14.7 
 95 19.0 (4.5) 11.7 (1.1) 75.1 (11.0) 15.5 (2.4) 16.1 
SA 170 °C 0 8.7 (2.4) 9.3 (1.1) 46.6 (8.5) 12.5 (1.3) 32.4 
 25 9.4 (2.1) 9.6 (0.8) 53.3 (10.6) 13.5 (2.7) 28.2 
 50 8.6 (1.3) 9.0 (0.8) 42.9 (6.8) 12.3 (4.6) 33.3 
 75 10.4 (2.6) 9.7 (1.2) 42.9 (7.6) 14.0 (0.9) 24.5 
 95 11.1 (4.9) 9.9 (1.3) 51.0 (9.4) 14.9 (1.3) 19.1 
 
Based on the ANOVA analysis, there are statistical differences in the MOE and MOR 
values of RH 25% drying compared to other drying RHs at the 160 °C modification. 25% 
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possibility that material used for this test might have contained cracks that are not visible. 
Also in the 170 °C modification, there was remote differences between the MOR values 
of 25% RH drying and 50% RH drying but the opposite way as at 160 °C modification. 
However, none of the other properties differed from each other statistically. Therefore, 
these few differences are more likely to be measuring or protocol mistakes. These results 
are not connected to the hornification at all. The assumption was that differences could 
be seen in the 160 °C modification between drying at RH 50% and RH 95%. The average 
results for impact strength of RH 95% are 2 kJ/m2 lower than the average of RH 50%. 
But based on the ANOVA analysis, this difference is insignificant. Therefore, it is 
concluded that based on the results, hornification had no effect on the mechanical or on 
the swelling properties of thermally modified wood. 
 
Even though hornification had no effect to the properties in this experiment, the reality 
can still be different. The accuracy of these results had to be estimated. The results from 
the swelling test should be looked critically since they are not reliable due to the small 
number of simultaneous samples. However, the swelling values for the reference sample 
and for the modified samples are in the same range as in the similar experiment 
performed by Rautkari et al. (2014). The impact strength is relatively high in 160 °C 
modification compared to the results of Rautkari et al. (2014) where it was around 9 kJ/m2 
for 150 °C saturated modification. The 170 °C impact strength values are in that range 
despite the mass loss being about 5 times higher than in 150 °C modification in the 
article. Ding et al. (2011b) found impact strength of 21.7 kJ/m2 for sample modified at 
200 °C under pressurized steam for 2 hours. This is quite close to the values of 160 °C 
modification found in this experiment. 
 
MOE values are significantly lower in this experiment than in Rautkari et al. (2014) 
experiment. They had MOE around 16 kN/mm2 with 180 °C saturated modification 
whereas in this experiment even the 160 °C MOE values are under 12 kN/mm2. However, 
MOE values tested by Ding et al. (2011b) at 200 °C under pressurized steam were 
average of 11.0 GPa which is relatively close to the values achieved here. The MOR 
results, on the other hand, were rather similar with the results of both Rautkari et al. 
(2014) and Ding et al. (2011b). The MOR values of the both articles were between the 
MOR values of 160 °C and 170 °C test. The differences in MOE can be explained with 
the different testing method since 4-point bending was used in the articles and 3-point 
bending in this experiment. Higher MOE values are reached when the force is applied 




The measured values seem to be mostly in the right range when compared to literature. 
This is indicating that the testing was performed successfully. However, shortages in the 
testing method are found such as lack of specimens, especially in the swelling test, and 
too small sample size in the bending test. More tests should be performed to rule out the 
effect of assumed hornification completely from thermally modified wood. 
 
6.3 Results from chemical analyses 
The aim of the chemical analyses was to learn more what happens to the wood material 
during the thermal modification under saturated steam. Thermal modification for this test 
resulted in 11.68% mass loss and 1.2 litres condensation water came out of the reactor. 
The water was found to be quite acidic as the average pH value was 2.30.  
 
Thermally modified wood was found to consist 4.7% of acetone soluble compounds and 
unmodified wood 3.4%. For unmodified wood the result is almost same as in literature 
for Scots pine which is 3.5% (Sixta 2006, s. 23). Ding et al. (2011b) found similar results 
to this experiment and the extract content for thermally modified wood in pressurized 
steam was around 3.5 % when the control sample had 2.8% extracts. Increase is then 
25% in their experiment, while in this experiment it was 38%. The difference can be 
explained by the differences in the thermal modification since Ding et al. (2011b) used 
higher temperature but shorter time and lower steam pressure. Therefore, the treatment 
was milder.  
 
6.3.1 HPAEC 
The sugars of the condensation water solution where analysed with HPAEC. This test 
was not performed to the thermally modified and unmodified wood sample since there 
was good comparison values in the literature already (Sixta 2006, Karlsson et al. 2012). 
In Table 4 are the amount found molecules and their relative area and height. The 











Table 4: Results from HPAEC. 
Compound Area (nC*min) Height (nC) Area (%) Height (%) Amount (mg/l) 
Arabinose 3.7 7.4 10.4 17.6 175.0 
Rhamnose 0.3 0.5 0.8 1.1 19.9 
Galactose 3.8 6.0 10.6 14.2 141.7 
Glucose 4.9 6.1 13.6 14.5 173.2 
Xylose 9.3 10.0 25.9 23.8 345.8 
Mannose 13.9 12.2 38.6 28.8 632.7 
Total 36.0 42.3 100 100 1488.3 
 
There was clearly most of mannose in the residual water with relative area of 39%. Next 
is xylose with 26% followed by glucose 14%, galactose and arabinose around 10% and 
rhamnose 0.8%. Arabinose and galactose are from the degradation of pine 
arabinogalactan (Esteves et al. 2011), and therefore, it is logical that they have same 
relative area, around 10%. Xylose is corresponding to the degradation of 
arabinoglucuronoxylan and mannose to galactoglucomannan (Esteves et al. 2011). 
 
Based on the literature, there are 12.4% mannose, 7.6% xylose, 1.9% galactose and 
1.5% arabinose in unmodified Scots pine (Sixta 2006). Karlsson et al. (2012) found that 
in pine wood treated at 170 °C in saturated steam mannose and galactose cover around 
60% of the sugars. Other sugars were percentually around 30% glucose, 8% xylose and 
0.3% arabinose in their experiment. In condensed water, mannose and galactose cover 
together around 50% of the sugars, which is slightly less than in modified wood. In 
unmodified wood, the amount of mannose and galactose, 14.4%, is significantly lower 
than in modified wood or in the condensed water. Also, there is less xylose and 
arabinose. These sugars are from hemicelluloses that degrades during the modification. 
Glucose, however, is more thermally stable since it is the component of cellulose that is 
not degrading. There is a lot more glucose in the modified sample than in the condensed 
water.  
 
It can be concluded, that degradation compounds from hemicelluloses stay inside the 
high-pressure reactor based on the HPAEC results of condensed water and analysis of 
Karlsson et al. (2012). Some of the compounds, such as xylose and arabinose, are more 
likely to leach to the condensed water since their percentual share was greater in water 
than in modified sample. On the contrary, there is more mannose and galactose in the 
modified sample compared to condensed water. There was relatively high amount of 





Gas chromatogram spectra for acetone soluble compounds from unmodified and 
thermally modified pine samples are in Figure 30a and 30b. GC-spectra from 
condensation water is in Figure 30c. There are clearly least peaks in unmodified sample 
and most peaks in the condensation water. Thermally modified and unmodified samples 










































Figure 30: Gas chromatograms spectra from acetone soluble compounds from a) unmodified 
wood b) thermally modified wood and c) condensation water. X-axial is the retention time in 
minutes and Y-axial is the relative abundance. Note: different scale in Figure c). 
 
a) Acetone soluble compounds from unmodified sample 
b) Acetone soluble compounds from thermally modified sample 

















Highest peaks of all the three GC-spectra were analysed by their MS spectra. MS spectra 
was compared to NIST-library (NIST MS Search 2.2) and the first five compound options 
from the library were compared. The probability was considered, but also the similarities 
in the spectra. Example of the spectra analyses can be seen from Figure 31 where the 
MS spectra of peak 6.8 from condensation water GC-spectra is compared to MS-spectra 
of D-Xylose. The probability for this was 30.9 %. As seen from the Figure 31, peaks 73, 






Figure 31: Examples: a) MS spectra of peak 6.8 from GC-spectra of condensation water, b) MS 
spectra of D-Xylose. 
 
Results from GC spectras compared to MS spectras are in Appendix 4. Also, compounds 
probability is presented there. The only common compounds found from all three 
samples was vanillin and galactopyranose. Otherwise, the extractives from unmodified 
wood samples did not match to condensation water. However, extractives from thermally 
modified wood samples had more similarities with both the other samples. For example, 
pimaric acid, isopimaric acid, abietic acid, 9-octadecenoic acid and petroselic acid where 
found from both modified and unmodified samples. D-xylose, D-mannopyranose, D-
talopyranose, D-glucopyranose, coniferyl aldehyde and lactone are found from 





Galactopyranose, D-xylose and D-mannopyranose comes probably from polysaccharide 
pyrolysis, such as degradation of galactose, arabinose, xylose and mannose (Faix et al. 
1991, Esteves et al. 2011). Therefore, it is logical to have more of those in the modified 
sample and condensation water. Levoglucosan was found only from modified sample 
and that is often considered as a degradation product of cellulose (Gao et al. 2003). This 
supports the suggestion made in the previous section, 6.3.1, that degradation products 
of cellulose are attached to the material rather than leaching to the condensation water. 
Besides hemicelluloses and cellulose, there are also compounds probably coming from 
the lignin pyrolysis, such as vanillin and coniferyl aldehyde (Faix et al. 1990). There are 
also different types of extractives commonly found from pine wood, such as pimaric acid, 
isopimaric acid, abietic acid and 9-octadecenoic acid (Sixta 2006, s. 33-37). 
 
Based on the GC-MS analysis, it can be confirmed that there are significant amounts of 
degradation compounds and extractives in the high-pressure reactor after the 
modification. Some of those are in the condensed water but also great amount is in the 
modified sample. The extractives together with degradation compounds are likely to 
affect the mass of modified wood as suspected in the section 6.1. Also, if the extractives 
stay in the modified wood, they might have effect on the properties of the material. For 
example, many extractives are found to defend wood against fungal attack (Diouf et al. 





The aim of this thesis was to investigate the effect of hornification on the properties of 
Scots pine thermally modified under saturated steam. Therefore, a high-pressure reactor 
was introduced and based on the pre-tests, temperatures of 160 °C and 170 °C in 
saturated steam were chosen as process parameters. Hornification was tested using 
deuterium exchange method in DVS apparatus. The method was first tested and 
developed. Based on residual compound test, an additional re-wetting step was added 
to the testing method. Also, the impact of deuteration time was tested and 12 hours of 
deuteration was found to give reliable results. Initial drying test was carried out to see if 
temperature or relative humidity had any effect on the extent of hornification. Relative 
humidity was found to have an impact on hornification, and therefore, it was varied in the 
real experiment. 
 
In the actual experiment, never-dried Scots pine samples were thermally modified at 160 
°C and 170 °C under saturated steam for three hours. After the modification, samples 
were dried at 75 °C at five different RH: 0%, 25%, 50%, 75% and 95%. EMC at 20 °C 
and RH 65%, impact strength, MOE and MOR, swelling and ASE were then tested and 
compared. Based on the results, EMC differed at 160 °C modification but not at 170 °C 
modification. Other properties had no significant difference between the different drying. 
Accessibility of hydroxyl groups was measured with DVS from the 160 °C samples dried 
at 50% and 95% since they had the greatest difference in EMC values. Accessibility was 
found to have significant differences, and therefore, it was concluded that a difference in 
hornification is possible between these two dryings. 
 
Chemical analysis was carried out for unmodified sample, sample thermally modified at 
170 °C and for the condensation water from the high-pressure reactor. HPAEC and GC-
MS were used to analyse condensation water and the acetone soluble compounds from 
modified and unmodified samples. Condensation water contained many sugars from 
hemicelluloses, mostly mannose and xylose. It also had greatest quantity of different 
degradation compounds and extractives seen from GC-MS test. The acetone soluble 
compounds from modified and unmodified sample had some similarities, but modified 
sample had 38% more compounds than unmodified sample. Condensation water had 
hardly any similarities with the acetone soluble compounds of unmodified sample. 
However, modified sample and condensation water shared quite many degradation 
compounds as well as extractives. Based on the chemical analyses, modified samples 
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should be extracted before performing any tests since the number of extractives and 
degradation products is significant, and those may vary the results. 
 
Based on the experiment, indication of hornification was found in thermally modified 
wood and the relative humidity of initial drying was assumed to have impact on the extent 
of hornification. However, the indication of hornification was seen only in the values of 
EMC at 20 °C and RH 65% with 160 °C modification. Mechanical tests and swelling test 
had no statistical difference between the different assumed states of hornification in this 
experiment. In order to be sure of this result, additional tests should be performed. The 
impact of extractives should be ruled out and the initial drying should be performed with 
more reliable equipment. Also, initial drying should be performed to material from the 
same thermal modification patch to rule out the effect of different modification. The 
accessibility of hydroxyl groups should be measured multiple times, and the extent of 
hornification in the sample should be analysed based on that measurement and not 
assumed from EMC as was done in this experiment. 
 
Even though this experiment showed that the presumed hornification had no significant 
impact on the properties of thermally modified Scots pine under saturated steam, 
hornification is a phenomenon that should be understood better in the field of solid wood. 
There was at least indication that hornification might influence the EMC in thermally 
modified wood which is essential also for some other properties that were not measured 
in this thesis, such as biological resistance. All in all, the properties and the potential of 
thermally modified wood under saturated pressure are still poorly understood and more 









Altgen, M., Willems, W. & Militz, H. (2016). Wood degradation affected by process conditions 
during thermal modification of European beech in a high-pressure reactor system. European 
Journal of Wood and Wood Products, 74(5), 653-662. 
Altgen, M. & Militz, H. (2016). Influence of process conditions on hygroscopicity and mechanical 
properties of European beech thermally modified in a high-pressure reactor system. 
Holzforschung, 70(10), 971-979. 
Amusant, N., Moretti, C., Richard, B., Prost, E., Nuzillard, J.M., Thévenon, M.F. (2007). Chemical 
compounds from Eperua falcata and Eperua grandiflora heartwood and their biological 
activities against wood destroying fungus (Coriolus versicolor). Holz als Roh- und Werkstoff, 
65(1), 23-28. 
Berthold, J. & Salmén, L. (1997). Inverse size exclusion chromatography (ISEC) for determining 
the relative pore size distribution of wood pulps. Holzforschung, 51(4), 361-368. 
Bhuiyan, M.T.R., Hirai, N. & Sobue, N. (2000). Changes of crystallinity in wood cellulose by heat 
treatment under dried and moist conditions. Journal of Wood Science, 46(6), 431–436. 
Boonstra, M.J., Acker, J., Kegel, E. & Stevens, M. (2007). Optimisation of a two-stage heat 
treatment process: durability aspects. Wood Science and Technology, 41(1), 31–57. 
Borrega, M. & Kärenlampi, P. (2008). Effect of relative humidity on thermal degradation of Norway 
spruce (Picea abies) wood. Journal of Wood Science, 54(4), 323–328. 
Borrega, M. & Kärenlampi, P. (2010). Three mechanisms affecting the mechanical properties of 
spruce wood dried at high temperatures. Journal of Wood Science, 56(2), 87–94. 
Borrega, M. (2011) Mechanisms affecting the structure and properties of heat-treated and high-
temperature dried Norway spruce (Picea abies) wood. Doctoral dissertation. University of 
Eastern Finland, Faculty of Science and Forestry. Helsinki. 52 p. (ISSN 1795-7389). 
Dagbro, O., Torniainen, P., Karlsson, O. & Morén, T. (2010). Colour responses from wood, 
thermally modified in superheated steam and pressurized steam atmospheres. Wood 
Material Science and Engineering, 5, 211–219. 
Ding, T., Gu, L. & Li, T. (2011a). Influence of steam pressure on physical and mechanical 
properties of heat-treated Mongolian pine lumber. European Journal of Wood and Wood 
Products, 69(1), 121–126.  
Ding, T., Gu, L. & Li, T. (2011b). Influence of steam pressure on chemical changes of heat-treated 
mongolian pine wood. BioResources, 6(2), 1880–1889. 
Dwianto, W., Tanaka, F., Inoue, M. & Norimoto, M. (1996). Crystallinity changes of wood by heat 
or steam treatment. Wood Research, 83, 47–49. 
Esteves, B., Marques, A.V., Domingos, I. & Pereira, H. (2008). Heat-induced colour changes of 
pine (Pinus pinaster) and eucalypt (Eucalyptus globulus) wood. Wood Science and 
Technology, 42, 369–384. 
Esteves, B., Videira, R. & Pereira, H. (2011). Chemistry and ecotoxicity of heat-treated pine wood 
extractives. Wood Science and Technology, 45(4), 661–676. 
Faix, O., Meier, D. & Fortmann, I. (1990). Thermal degradation products of wood. Holz als Roh-
und Werkstoff, 48(7), 281–285. 
Faix, O., Fortmann, I., Bremer, J. & Meier, D. (1991). Thermal degradation products of wood. Holz 
als Roh-und Werkstoff, 49(5), 213–219. 
Fengel, D. & Kollmann, F. (1965). Changes in the chemical composition of wood by thermal 
treatment. Holz als Roh-und Werkstoff, 23, 461–468. 
Diniz, J.M.B.F., Gil, M.H. & Castro, J.A.A.M. (2004). Hornification - Its origin and interpretation in 
wood pulps. Wood Science and Technology, 37(6), 489–494. 
Diouf, P.N., Delbarre, N., Perrin, D., Gérardin, P., Rapin, C., Jacquot, J.P., Gelhaye, E. (2002). 
Influence of Tropolone on Poria placenta Wood Degradation. Applied and environmental 
microbiology, 68(9), 4377–4382. 
Gao, M., Pan, D. X. & Sun, C. Y. (2003). Study on the thermal degradation of wood treated with 
amino resin and amino resin modified with phosphoric acid. Journal of fire sciences, 21(3), 
189–201. 
Garrote, G., Dominguez, H. & Parajo, J.C. (1999). Hydrothermal processing of lignocellulosic 
materials. Holz Als Roh- Und Werkstoff, 57(3), 191–202. 
 52 
 
Gerhards, C. C. (2007). Effect of moisture content and temperature on the mechanical properties 
of wood: an analysis of immediate effects. Wood and Fiber Science, 14(1), 4–36. 
Heijnesson-Hultén, A., Guo, S., Basta, J., Daniel, G., Zhan, H. & Germgård, U. (2013). Impact of 
drying on the quality of bamboo kraft pulps. BioResources, 8(1), 1245–1257. 
Hill, C.A.S. (2006). Wood Modification: Chemical, Thermal and Other Processes. 1st edition. John 
Wiley & Sons Ltd, England. 239 s. (Wiley Series in Renewable Resources). ISBN-13: 978-
0-470-02172-9. 
Hill, C.A.S., Norton, A.J. & Newman, G. (2010). The water vapour sorption properties of Sitka 
spruce determined using a dynamic vapour sorption apparatus. Wood Science and 
Technology, 44(3), 497–514. 
Hill, C.A.S., Ramsay, J., Keating, B., Laine, K., Rautkari, L., Hughes, M. & Constant, B. (2012). 
The water vapour sorption properties of thermally modified and densified wood. Journal of 
Materials Science, 47(7), 3191–3197. 
Hill, C.A.S., Ramsay, J. & Gardiner, B. (2015). Variability in water vapour sorption isotherm in 
Japanese larch (Larix kaempferi Lamb.) – Earlywood and latewood influences. International 
Wood Products Journal, 6(2), 53–59. 
Hillis, W.E. (1984). High temperature and chemical effects on wood stability. Wood Science and 
Technology, 18, 281–293. 
Hishikawa, Y., Togawa, E., Kataoka, Y. & Kondo, T. (1999). Characterization of amorphous 
domains in cellulosic materials using a FTIR deuteration monitoring analysis. Polymer, 
40(25), 7117–7124. 
Hofstetter, K., Hinterstoisser, B. & Salmén, L. (2006). Moisture uptake in native cellulose–the 
roles of different hydrogen bonds: a dynamic FT-IR study using Deuterium exchange. 
Cellulose, 13(2), 131–145. 
Hubbe, M.A., Venditti, R.A. & Rojas, O.J. (2007). What happens to cellulosic fibers during 
papermaking and recycling? A review. BioResources, 2(4), 739–788. 
Häggkvist, M., Li, T. & Ödberg, L. (1998). Effects of drying and pressing on the pore structure in 
the cellulose fibre wall studied by 1 H and 2 H NMR relaxation. Cellulose, 5, 33–49. 
Jayme, G. (1944). Micromeasurements of the swelling of pulps. Papierfabr Wochenbl, 6, 187–
194. 
Karlsson, O., Torniainen, P., Dagbro, O., Granlund, K. & Morén, T. (2012). Presence of water-
soluble compounds in thermally modified wood: carbohydrates and furfurals. BioResources, 
7(3), 3679–3689. 
Kato, K.L. & Cameron, R.E. (1999). A review of the relationship between thermally-accelerated 
ageing of paper and hornification. Cellulose, 6(1), 23–40. 
Krässig, H.A., (1993). Cellulose: Structure, Accessibility and Reactivity. Gordon & Breach, 
Yverdon, Switzerland. 376 p. 
Kymäläinen, M., Rautkari, L. & Hill, C.A.S. (2015). Sorption behaviour of torrefied wood and 
charcoal determined by dynamic vapour sorption. Journal of Materials Science, 50(23), 
7673–7680.  
Laivins, G.V. & Scallan, A.M. (1993). The Mechanism of Hornification of Wood Pulps. In Products 
of Papermaking, Tenth Fundamental Research Symposium, (C.F. Baker, ed.) Vol. 2, 
Oxford, Pira International, 1235–1260. 
Maloney, T.C., Paulapuro, H. & Stenius, P. (1998). Hydration and swelling of pulp fibers measured 
with differential scanning calorimetry. Nordic Pulp and Paper Research Journal, 13(111998). 
Maloney, T.C. & Paulapuro, H. (1999). The Formation of Pores in the Cell Wall. Journal of pulp 
and paper science, 25, 430–436. 
Mitchell, P.H. (1988). Irreversible Property Changes of Small Loblolly Pine Specimens Heated in 
Air, Nitrogen, Or Oxygen. Wood and Fiber Science, 20(3), 320–335. 
Möller, K. & Otranen, L. (1999). Puun lämpökäsittely. 1st edition. Ympäristötekniikan instituutti, 
Suomi. 114 s. ISBN 951-97727-3-1. 
Navi, P. & Sandberg, D. (2012). Thermo- Hydro- Mechanical Processing of Wood. 1st edition. 
EPFL Press, Switzerland. 360 s. (Engineering Sciences: Materials). ISBN 978-2-940222-
41-1. 
Nuopponen, M., Vuorinen, T., Jämsä, S. & Viitaniemi, P. (2004). Thermal modifications in 
softwood studied by FT-IR and UV resonance raman spectroscopies. Journal of Wood 
Chemistry and Technology, 24(1), 13–26.  
 53 
 
Oksanen, T., Buchert, J. & Viikari, L. (1997). The role of hemicelluloses in the hornification of 
bleached kraft pulps. Holzforschung, 51, 355–360. 
Park, S., Venditti, R.A., Jameel, H. & Pawlak, J.J. (2006). Changes in pore size distribution during 
the drying of cellulose fibers as measured by differential scanning calorimetry. Carbohydrate 
polymers, 66(1), 97–103. 
 Pönni, R., Rautkari, L., Hill, C.A.S. & Vuorinen, T. (2014). Accessibility of hydroxyl groups in birch 
kraft pulps quantified by deuterium exchange in D2O vapor. Cellulose, 21(3), 1217–1226. 
Popescu, C.M., Hill, C.A.S., Anthony, R., Ormondroyd, G. & Curling, S. (2015). Equilibrium and 
dynamic vapour water sorption properties of biochar derived from apple wood. Polymer 
Degradation and Stability, 111, 263–268. 
Popescu, C.M., Hill, C.A.S., Curling, S., Ormondroyd, G. & Xie, Y. (2014). The water vapour 
sorption behaviour of acetylated birch wood: How acetylation affects the sorption isotherm 
and accessible hydroxyl content. Journal of Materials Science, 49(5), 2362–2371. 
Radu, C.D., Salariu, M., Avadanei, M., Ghiciuc, C., Foia, L., Lupusoru, E.C. & Lipsa, F. (2013). 
Cotton-made cellulose support for anti-allergic pajamas. Carbohydrate polymers, 95(1), 
479–486. 
Rautkari, L., Hill, C.A.S., Curling, S., Jalaludin, Z. & Ormondroyd, G. (2013). What is the role of 
the accessibility of wood hydroxyl groups in controlling moisture content?. Journal of 
Materials Science, 48(18), 6352–6356. 
Rautkari, L., Honkanen, J., Hill, C.A.S., Ridley-Ellis, D. & Hughes, M. (2014). Mechanical and 
physical properties of thermally modified Scots pine wood in high pressure reactor under 
saturated steam at 120, 150 and 180°C. European Journal of Wood and Wood Products, 
72(1), 33–41. 
Rowell, R.M., Ibach, R.E., McSweeny, J. & Nilsson, T. (2009). Understanding decay resistance, 
dimensional stability and strength changes in heat-treated and acetylated wood. Wood 
Material Science and Engineering, 4(1/2), 14–22. 
Sepall, O. & Mason, S.G. (1961). Hydrogen exchange between cellulose and water: II. 
Interconversion of accessible and inaccessible regions. Canadian Journal of Chemistry, 
39(10), 1944–1955. 
SFS-EN 310. (1993). Wood-based panels. Determination of modulus of elasticity in bending and 
of bending strength. Helsinki: Finnish Standards Association. 8 p. 
SFS-EN 408 + A1. (2011). Timber structures. Structural timber and glued laminated timber. 
Determination of some physical and mechanical properties. Helsinki: Finnish Standards 
Association. 38 p. 
SFS-EN ISO 179-1. (2010). Plastics. Determination of Charpy impact properties. Part 1: Non-
instrumented impact test. Helsinki: Finnish Standards Association. 22 p. 
SFS-EN ISO 23714. (2007). Pulps – Determination of water retention value (WRV). Helsinki: 
Finnish Standards Association. 8 p. 
Sixta, H. (2006). Handbook of pulp. 1st edition. Wiley-VCH, Weinheim. 1291 p. ISBN 3-527-30997-
7. 
Scallan, A.M. (1977). The Accommodation of Water Within Pulp Fibres. Fibre-Water Interactions 
in Paper-Making, Vol. 1, Oxford, Transactions BPBIF Symposium, p. 9–27. 
Schultz, T.P., Templeton, M.C., Biermann, C.J. & McGinnis, G.D. (1984). Steam explosion of 
mixed hardwood chips, rice hulls, corn stalks, and sugar cane bagasse. Journal of 
agricultural and food chemistry, 32(5), 1166–1172. 
Seborg, M., Tarkow, H. & Stamm, A.J. (1953). Effect of Heat Upon the Dimensional Stabilization 
of Wood. Journal of the Forest Products Research Society, 9. 
Sivonen, B.H., Maunu, S. L., Sundholm, F., Jämsä, S. & Viitaniemi, P. (2002). Magnetic 
Resonance Studies of Thermally Modified Wood. Holzforschung, 56, 648. 
Smook, G.A. (1990). Handbook of pulp & paper terminology. 1st edition. Angus Wilde, Vancouver. 
135 p. 
Stamm, A. (1956). Thermal Degradation of Wood and Cellulose. Industrial & Engineering 
Chemistry, 48(3), 413–417. 
Stone, J. E. & Scallan, A. M. (1968). A structural model for the cell wall of water-swollen wood 
pulp fibres based on their accessibility to macromolecules. Cellulose Chemistry and 
Technology, 2, 343–358. 
 54 
 
Suchy, M., Virtanen, J., Kontturi, E. & Vuorinen, T. (2010a). Impact of drying on wood 
ultrastructure observed by deuterium exchange and photoacoustic FT-IR spectroscopy. 
Biomacromolecules, 11(2), 515–520. 
Suchy, M., Kontturi, E. & Vuorinen, T. (2010b). Impact of drying on wood ultrastructure: 
Similarities in cell wall alteration between native wood and isolated wood-based fibers. 
Biomacromolecules, 11(8), 2161–2168. 
Suchy, M. (2011) Accessibility and Enzymatic Degradation of Native and Model Cellulose 
Substrates. Doctoral dissertation. Aalto University, School of Chemical Technology. Espoo. 
75 p. (ISBN 978-952-60-4131-5). 
Sundqvist, B., Karlsson, O. & Westermark, U. (2006). Determination of formic-acid and acetic 
acid concentrations formed during hydrothermal treatment of birch wood and its relation to 
colour, strength and hardness. Wood Science and Technology, 40(7), 549–561. 
Šutý, Š., Petriláková, K., Katuščák, S., Kirschnerová, S., Jablonský, M., Vizárová, K. & Vrška, M. 
(2012). Change in the Capability of Cellulose Fibres To Retain Water During Thermally 
Accelerated Ageing of Paper. Cellulose Chemistry and Technology, 46(9/10), 631–635. 
Thuvander, F., Berglund, L.A., Lindberg, K.A.H. & Wallstro, L. (2001). Effects of an impregnation 
procedure for prevention of wood cell wall damage due to drying. Wood Science and 
Technology, 34(6), 473–480. 
Tjeerdsma, B.F., Boonstra, M., Pizzi, A., Tekely, P. & Militz, H. (1998). Characterisation of 
thermally modified wood: molecular reasons for wood performance improvement. Holz Als 
Roh- Und Werkstoff, 56, 149–153. 
Torniainen, P., Dagbro, O. & Morén, T. (2011). Thermal Modification of Birch Using Saturated 
and Superheated Steam. Proceedings of the 7th Meeting of the Nordic-Baltic Network in 
Wood Material Science & Engineering (WSE), 43–48. 
Tsuchikawa, S. & Siesler, H. W. (2003). Near-Infrared Spectroscopic Monitoring of the Diffusion 
Process of Deuterium-Labeled Molecules in Wood. Part I: Softwood. Applied spectroscopy, 
57(6), 667–674. 
Viitaniemi, P., Jämsä, S. & Viitanen, H. (1997). Method for improving biodegradation resistance 
and dimensional stability of cellulosic products. United States. Patent No 5678324 
(US005678324). 
Weise, U. (1998) Hornification—mechanisms and terminology. Paperi ja Puu, 80, 110–115. 
Wikberg, H. & Maunu, S.L. (2004). Characterisation of thermally modified hard-and softwoods by 
13 C CPMAS NMR. Carbohydrate Polymers, 58(4), 461–466. 
 Willems, W. (2009). A Novel Economic Large-scale Production Technology for High-quality 
Thermally Modified Wood. European Conference on Wood Modification, 31–35. 
Willems, W. (2013). Method and apparatus for preserving wood, and wood product. United States. 
Patent No 8 465 845 B2. 8 p. 
Willems, W. (2014). FIRMOLIN®: the mild way of thermal wood modification. Conference Paper: 
European TMT Workshop, At Dresden. Vol. 6. 
WTT. (2010). WTT A/S Thermo treatment plant. http://www.wtt-
english.com/pictures_org/Varmebehandling_UK_2010.pdf. 
Östlund, Å., Köhnke, T., Nordstierna, L. & Nydén, M. (2010). NMR cryoporometry to study the 







c)                                d) 



















Drying RH at 75°C
a)                                b) 













Drying RH in 75 °C
a)                                b) 













Drying RH in 75 °C
APPENDIX 1 – MECHANICAL RESULTS IN FIGURES 
 
 






Figure 33: a) MOE b) MOR for samples thermally modified in 160 °C. c) MOE d) MOR for 
samples thermally modified in 170 °C. 
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Figure 36: ANOVA analysis for a) the impact test results b) MOE results and c) MOR results. In 
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APPENDIX 4 – GC-MS ANALYSIS RESULTS 
Table 5: Results from MS spectra comparison to library.   






6.17 Vanillin 28.6 
6.67 D-pinitol 78.0 
7.62 Azelaic acid 32.5 
7.70  Galactopyranose 9.8 
8.22 Palmitic acid 27.0 
8.88 Bromoadamantanone 28.5 
8.91 Diphenyldioxopyridazinopyrrolopyridazine 30.7 
9.03 Eicosatrienoic acid, alpha-linolenic acid 15.3, 10.3 
9.16 9-Octadecenoic acid, petroselic acid 17.8, 13.3 
9.70 Pimaric acid 55.9 
9.89 Eicosapentaenoic acid, doconexent,  
abietic acid 
15.3, 11.8, 9.2 
9.93 Isopimaric acid 26.6 
10.13(16) Dehydroabietic acid 36.2 
10.27 Acetyl-cholenic acid 23.8 
10.69 Methylprednisolone, Fluorometholone 26.3, 24.3 
11.07 Estrone glucuronide 24.7 
12.19 7-Oxodehydroabietic acid, trimethylsilyl ester 18.9 







6.12 Vanillin 50.4 
6.27 D-xylose, D-lyxopyranose, 6.6, 6.6 
6.34 D-galactopyranose 6.7 
6.55 D-mannopyranose 6.3 
6.67 Levoglucosan 20.2 
6.96 D-galactopyranose 7.5 
7.04 D-mannopyranose 6.7 
7.24 D-talopyranose 7.4 
7.70 D-glucopyranose 9.4 
7.86 D-ribonolactone 15.1 
8.52 Coniferyl aldehyde 89.0 
9.13 9-Octadecenoic acid, petroselic acid, oleic acid 24.7, 16.5, 13.0 
9.68 Pimaric acid 48.6 
9.91 Isopimaric acid 41.2 
10.11 Dehydroabietic acid 41.0 
10.26 Abietic acid 77.8 
10.99 Lactone 6.5 
12.17 7-Oxodehydroabietic acid, trimethylsilyl ester 15.8 
12.69 4-Estren-3,17-dione, di-trimethylsilyl 21.4 
 6.18 D-xylose 30.9 
Condensation 
water 
6.28 D-ribose 17.0 
6.34 Vanillin 48.7 
6.46 D-xylose 16.7 
 6.76 D-allopyranose, D-mannopyranose 9.1, 6.3 
 7.12 D-galactopyranose, D-talopyranose 14.9, 9.0 
 7.24 D-mannopyranose 9.9 
 7.38 D-talofuranose, D-allofuranose 29.8, 27.0 
 7.46 D-allopyranose 8.5 
 7.69 Malic acid 16.0 
 7.91 D-glucopyranose 9.3 
 8.81 Coniferyl aldehyde 91.4 
 9.26 Gulonic acid, y-lactone 24.5 
 10.46 2-Methyl-1,2-bisbutane 9.0 
 11.21 D-lactose, D-cellobiose 16.0, 12.6 
 11.63 Maltose 10.3 
 11.78 D-lactose, D-cellobiose 15.0, 11.0 
 12.03 Ambodryl, 2-trimethylsilyloxyheptanoic acid 15.1, 14.5 
 12.15 Maltose 12.0 
 14.61 Levulinic acid 11.4 
  
 
 
